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INTRODUCTION 


*  *- 


The  ErbB  family  of  receptor  tyrosine  kinases  has  been  shown  to  be  clinically 
important  in  all  stages  of  life,  from  development  of  the  embryo  and  fetus  to  the 
maintenance  of  normal  adult  physiology  (1,2).  However,  these  receptors  have  also  been 
implicated  in  a  vast  array  of  human  cancers,  affecting  a  wide  diversity  of  tissues  and 
organs,  including  breast,  prostate,  brain  and  lung  (3).  The  role  of  ErbB2  (also  known  as 
HER-2  or  neu)  has  been  extensively  studied  in  breast  cancer,  leading  to  the  development 
of  Trastuzumab  (Herceptin),  an  FDA  approved  humanized  monoclonal  anti-ErbB2 
antibody,  for  use  in  chemotherapy  against  ErbB2-expressing  breast  cancer  (4).  However, 
this  drug  has  been  proven  to  have  only  limited  clinical  efficacy,  thus  underscoring  the 
need  for  further  research  into  the  mechanisms  of  ErbB  receptor  signal  transduction.  In 
this  project  we  used  a  wide  variety  of  techniques  from  cell  biology,  biochemistry  and 
biophysics  in  order  to  gain  a  better  understanding  of  the  mechanisms  underlying  the 
immediate-early  steps  in  ErbB  receptor  activation,  namely  the  formation  of  homo-  and 
heteromeric  complexes.  Specifically,  we  showed  that  the  extracellular  domain  of  ErbB3 
does  not  homodimerize  upon  binding  its  cognate  ligand,  neuregulin  1-pl,  even  when 
anchored  in  the  plasma  membrane  of  a  live  cell.  Under  the  same  conditions,  however,  it 
readily  heterooligomerizes  with  ErbB2,  which  does  not  bind  any  ligands  and 
spontaneously  homodimerizes  only  very  weakly.  The  mitogenic  potency  of  the  ErbB3- 
ErbB2  heterooligomer  may  therefore  be  explained,  at  least  in  part,  by  the  homo-  and 
heterointeraction  characteristics  of  these  receptors.  We  have  also  begun  to  probe  the 
nature  of  the  ErbBl  extracellular  region  homodimerization  surface.  We  show  that 
specific  regions  within  this  surface  contribute  significantly  to  the  ability  of  the  receptor  to 
both  bind  ligand  and  adopt  a  structural  conformation  suitable  for  homodimerization.  It  is 
hoped  that  by  elucidating  more  detailed  information  about  these  interactions  at  the 
structural  and  molecular  level,  we  will  be  able  to  identify  specific  targets  for  drug 
discovery  which  will  ultimately  lead  to  improved  chemotherapeutics  for  use  in  ErbB 
receptor-expressing  cancers. 
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BODY 


The  aim  of  this  project  has  been  to  examine  the  nature  of  ErbB  receptor  homo- 
and  heterooligomers  at  the  molecular  level,  in  order  to  elucidate  mechanisms  underlying 
the  ligand-induced  oligomerization  behavior  of  this  important  family  of  receptor  tyrosine 
kinases.  I  discussed  two  different  projects  in  my  annual  update  and  revised  (and 
accepted)  statement  of  work  (SOW)  last  year  that  address  these  questions.  The  first 
project  focused  on  the  oligomeriztaion  ErbB3,  an  interesting  receptor  in  that  it  is  the  only 
member  of  the  ErbB  family  reported  to  bind  ligand  but  lack  catalytic  activity.  The  results 
of  this  project  have  been  formally  published  (5),  and  the  paper  is  included  as  an 
attachment  (Appendix  1). 

The  results  of  this  paper  are  briefly  summarized  in  the  following.  We  stably 
expressed  full-length  human  ErbBl  (also  known  as  the  epidermal  growth  factor  (EGF) 
receptor)  and  ErbB2  individually  in  Drosophila  Schneider-2  (S2)  cells,  which  express  no 
endogenous  human  ErbB  receptors  and  do  not  respond  to  stimulation  by  either  human 
EGF  or  neuregulin  1  -(3 1  (NRG).  We  showed  that  receptor  phosphorylation  and 
activation  of  the  Drosophila  mitogen  activate  protein  kinase  (MAPK)  pathway  could 
only  be  effected  by  stimulation  of  the  cells  expressing  ErbBl  with  EGF.  We  next 
generated  chimerae  containing  the  extracellular  and  transmembrane  domains  of  ErbB3 
and  ErbB4  fused  to  the  cytoplasmic  regions  of  ErbBl,  known  as  ErbB3/ErbBl  and 
ErbB4/ErbBl.  As  the  kinase  domain  of  ErbBl  must  dimerize  in  order  to  be  catalytically 
active,  we  reasoned  that  NRG-induced  homodimerization  of  these  chimerae  would  result 
in  phosphorylation  of  the  chimera  as  well  as  activation  of  MAPK,  indicating  whether  or 
not  the  extracellular  region  homodimerize  upon  ligand-binding.  Our  main  question  was 
whether  the  ErbB3/ErbBl  chimera  would  become  activated  upon  binding  NRG,  and  the 
ErbB4/ErbBl  chimera  was  generated  as  a  positive  control,  as  prior  biophysical  work  in 
our  lab  had  demonstrated  that  the  ErbB4  extracellular  domain  homooligomerizes  strongly 
upon  binding  NRG  (6).  We  stably  expressed  these  chimerae  (individually)  in  S2  cells 
and  demonstrated  that  the  receptors  w'ere  properly  oriented  and  expressed  at  the  cell 
surface.  We  next  found  that  NRG-stimulation  led  to  robust  receptor  phosphorylation  and 
MAPK  activation  only  in  the  cells  stably  expressing  the  ErbB4/ErbBl  chimera, 
suggesting  that  ErbB3  does  not  indeed  homodimerize  when  it  binds  its  ligand.  We  then 
transiently  expressed  full-length  ErbB2  in  the  ErbB3/ErbBl  stable  cell-line  and  again 
stimulated  with  NRG.  Transfection  with  a  plasmid  encoding  for  ErbB2,  but  not  a  control 
empty  plasmid,  causes  the  cells  to  respond  to  NRG-stimulation  with  receptor 
autophosphorylation  and  MAPK  activation,  indicating  that  while  the  ErbB3/ErbBl 
chimera  does  not  homodimerize,  it  readily  undergoes  ligand-induced 
heterooligomerization  with  ErbB2,  similarly  to  the  native  ErbB3  protein. 

The  other  project  described  in  my  annual  update  and  SOW  last  year  focused  on 
the  homodimerization  surface  of  ErbBl.  Three  X-ray  crystal  structures  of  the  ErbBl 
extracellulardomain  have  been  recently  solved,  and  suggest  a  novel  mechanism  for  EGF- 
induced  ErbBl  homodimerization  (7-9).  We  have  used  biophysical  studies  (specifically, 
ligand-binding  measurements  via  surface  plasmon  resonance  using  a  Biacore  instrument, 
and  homodimerization  potentials  using  sedimentation  equilibrium  analysis  in  an 
analytical  ultracentrifuge)  of  recombinant  ErbBl  extracellular  domains  (wild-type  and 
mutant  versions)  in  order  to  study  the  energetic  contributions  of  different  regions  of  the 
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homodimerization  surface  to  ligand-binding  and  homodimerization.  The  chapter  of  my 
thesis  detailing  the  results  of  these  studies  and  interpretations  is  included  as  an 
attachment  (Appendix  2).  This  project  has  been  taken  over  by  a  new  post-doctoral  fellow 
in  the  lab,  and  the  results  of  this  study  (including  the  work  that  I  have  accomplished)  are 
currently  in  the  process  of  being  compiled  into  a  manuscript  for  submission 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Completed  study  examining  human  ErbB  ligand-induced  signaling  in  Schneider  2 
cell-lines  stably  expressing  human  ErbBl,  ErbB2,  ErbB3/ErbBl  chimera  and 
ErbB4/ErbBl  chimera 

•  Performed  MAPK  and  receptor  activation  experiments  in  stable  S2  cell-lines, 
demonstrating  lack  of  ErbB3  homodimerization  upon  binding  NRG,  but  robust 
and  productive  heterooligomerization  of  NRG-bound  ErbB3/ErbBl  and  ErbB2 

•  Analyzed  ligand-binding  and  homodimerization  characteristics  of  various  mutants 
of  soluble  ErbBl  extracellular  domain 
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REPORTABLE  OUTCOMES 


This  research  has  resulted  in  the  generation  of  a  set  of  Drosophila  cells  expressing 
various  functional  human  ErbB  receptors  and  receptor  chimerae. 

This  research  has  resulted  in  the  generation  of  mutants  of  the  ErbBl  extracellular 
domain  that  have  varied  effects  on  ligand-binding  and  homodimerization. 

The  work  supported  by  this  research  resulted  in  the  completion  of  a  doctoral  thesis, 
entitled  “Mechanisms  of  ErbB  Receptor  Oligomerization.”  The  completion  of  this 
work  and  thesis  were  recognized  with  the  degree  of  Doctor  of  Philosophy  bestowed 
upon  the  author  in  May,  2004,  along  with  the  Saul  Winegrad,  M.D.  Award  for 
Outstanding  Dissertation.  The  doctoral  thesis,  in  its  entirety,  is  available  upon 
request. 

Work  supported  by  this  research  resulted  in  the  following  publication: 

Berger.  M.  B..  Mendrola,  J.  M.  and  Lemmon,  M.  A.,  “ErbB3/HER3  does  not 
homodimerize  upon  neuregulin  binding  at  the  cell  surface,”  FEBS  Letters  (2004)  569: 
332-336. 
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CONCLUSIONS 


The  ErbB  receptors  play  important  roles  in  human  development  and  the 
pathogenesis  of  a  large  number  of  human  diseases,  especially  cancers.  While  there  are 
many  drugs  being  developed  to  block  the  activity  of  the  receptors  in  disease  states,  they 
are  relatively  primitive  in  design,  typically  being  antibodies  targeted  to  the 
extracellulardomains  or  kinase  inhibitors  (10-1 1).  While  it  is  clear  that  the  cause  of  these 
ailments  is  generally  receptor  overexpression,  the  actual  events  involved  in  the  activation 
of  the  receptors  is  still  largely  unknown.  Our  goal  has  been  to  gain  a  better 
understanding  of  the  mechanisms  driving  the  homo-  and  hetero-oligomerization  of  the 
ErbB  receptors  so  as  to  be  able  to  design  smarter  drugs  that  specifically  target  the 
aberrant  activity  of  given  receptors,  while  minimizing  side-effects  and  damage  to  healthy 
tissue. 

ErbB3  Homodimerization 

Shortly  after  its  identification,  it  became  clear  that  ErbB3  contains  an  impaired  kinase 
domain  (12-13).  It  is  therefore  understood  that  this  receptor  is  an  obligate 
heterodimerization  partner  in  functional  receptor  signaling  complexes.  However,  it  has 
been  controversial  as  to  whether  the  receptor  homodimerizes  in  response  to  binding 
NRGs. 

Our  data  indicate  that  ErbB3  does  not  homodimerize  when  it  binds  ligand,  at  least 
not  in  an  arrangement  that  can  activate  the  ErbBl  kinase  domain.  This  provides  an 
explanation  as  to  why  ErbB2-ErbB3  heterodimers  appear  to  be  so  ubiquitous  and  potent 
compared  with  other  heteromeric  ErbB  receptor  complexes.  As  ErbB3  cannot 
homodimerize  (and  nor  does  ErbB2),  any  ligand-bound  receptor  will  be  driven  to  form 
heterodimers.  As  was  shown  by  X-ray  crystallography,  the  ErbB2  extracellulardomain 
exists  in  a  constitutively  extended  conformation  with  its  dimerization  arm  solvent 
exposed,  an  essentially  pre -activated  form  waiting  to  heterodimerize  with  another 
receptor  (14-15).  Therefore,  if  the  two  receptors  are  coexpressed  in  a  cell,  even  low 
levels  of  ErbB3  activation  will  lead  to  the  formation  of  activated  ErbB2-ErbB3 
heterodimers.  These  two  receptors  can  recruit  a  large  host  of  signaling  effectors  that 
mediate  mitogenic  and  survival  responses,  so  aberrant  formation  and  activation  of  the 
heterodimer  can  readily  result  in  transformation  (16-17).  In  contrast,  both  ErbBl  and 
ErbB4  demonstrate  robust  homodimerization  in  response  to  their  ligands,  so 
heterodimerization  will  only  occur  at  the  expense  of  homomeric  interactions,  making  it  a 
much  rarer  event. 

ErbBl  Homodimer  Interface 

The  recent  crystal  structures  of  the  ErbBl  extracellulardomain  have  provided  a 
wealth  of  information  about  the  mechanism  by  which  growth  factors  induce  activation  of 
the  receptor  (7-9).  However,  as  these  structures  are  static  pictures  of  discrete 
conformations,  we  can  only  surmise  the  dynamic  events  by  extrapolation.  The 
biophysical  studies  of  the  structure-based  mutants  have  allowed  us  to  generate  the 
framework  for  a  more  detailed  model  of  ErbBl  homodimerization  including  structural 
and  energetic  considerations. 
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The  existing  crystal  structures  highlight  a  number  of  regions  that  can  be  targeted 
to  block  homodimerization,  and  perhaps  heterodimerization.  An  obvious  choice  would 
be  the  dimerization  arm,  as  antibodies  or  small  molecules  that  bind  to  this  loop  could 
very  clearly  interfere  with  inter-receptor  contacts  and  thereby  block  dimerization  and 
activation.  Another  region  is  the  ligand-binding  interface  involving  domains  I  and  III.  It 
is  easy  to  imagine  that  a  molecule  could  be  designed  to  bind  tightly  to  the  binding  site  in 
domain  III,  but  be  so  large  that  it  would  inhibit  the  close  approximation  of  domain  1 
necessary  to  disrupt  the  intramolecular  tether. 

The  study  of  the  ErbBl  extracellulardomain  mutants  indicate  different  regions  of 
interest.  While  the  region  at  the  N-terminus  of  domain  II  surrounding  Gin194  was  shown 
to  make  inter-receptor  contacts  (9),  this  area  does  not  seem  to  be  important  for  either 
ligand-binding  or  homodimerization.  However,  it  should  be  noted  that  the  protein  in  our 
study  only  had  a  single  point  mutation  (altering  the  only  polar  group  in  this  region), 
whereas  Garrett  and  colleagues  identified  a  larger  region  as  the  binding  interface. 
Mutation  of  a  larger  subset  of  residues  in  this  area  might  therefore  reveal  a  contribution 
of  this  region  to  receptor  activation.  Alternatively,  different  amino  acid  substitutions, 
e.g.,  replacement  with  larger,  bulkier  residues  rather  than  alanine,  might  be  necessary  to 
inhibit  contributions  to  dimerization  from  this  region. 

Domain  IV  has  also  been  implicated  as  a  source  of  interaction  energy  between  the 
receptors  (18-19).  However,  both  sets  of  mutations  that  we  have  generated  in  this  region 
have  served  to  enhance  the  affinity  of  the  extracellulardomain  for  growth  factors  without 
impact  on  homodimerization.  We  therefore  argue  that  domain  IV  is  unlikely  to  play  a 
strong  role  in  homodimerization.  This  is  also  supported  by  the  fact  that  domain  IV  was 
largely  disordered  in  the  crystal  structure  of  the  dimeric  complex  of  EGF  with  the  full- 
length  ErbBl  extracellulardomain,  indicating  that  this  region  is  not  involved  in  a  large  set 
of  stabilizing  interactions  (8).  Further  studies  of  this  domain  are  necessary  to  fully 
determine  the  role  it  plays  in  activation  of  the  receptor.  For  example,  mutations  in 
sections  of  domain  IV  distant  from  the  site  of  interaction  with  the  intramolecular  tether 
would  be  instructive.  Also,  quantitative  analysis  of  a  domain  IV-deleted  form  of  the 
extracellular  domain  are  needed.  Additionally,  our  current  data  indicate  that  domain  IV 
could  serve  as  a  target  for  potent  drugs  to  block  the  activation  of  ErbBl  if  agents  could  be 
developed  that  enhance  the  affinity  for  the  dimerization  arm  to  the  binding  pocket  in 
domain  IV.  These  drugs  would  function  by  diminishing  the  ability  of  ligand-stimulation 
or  overexpression  to  induce  extracellulardomain  extension  and  exposure  of  the 
dimerization  arms,  and  hence,  result  in  decreased  activation.  Greene  and  colleagues  have 
also  suggested  that  this  region  is  indeed  a  useful  target  for  blocking  ErbB  receptor 
oligomerization  and  activation  (18).  The  data  from  this  study  indicate  that  the  domain 
IV-derived  peptides  bind  quite  weakly  to  the  receptor  extracellulardomains.  However,  if 
they  do  bind,  they  may  inhibit  activation  by  sterically  inhibiting  receptor  oligomerization, 
rather  than  through  alterations  of  ligand-induced  extracellulardomain  conformational 
changes. 

Interestingly,  the  loop  at  the  C-terminus  of  domain  II  containing  Asp  and  His 
appears  to  be  extremely  important  in  mediating  conformational  changes  associated  with 
ligand  binding  and  homodimerization.  Mutation  of  these  two  residues  to  Ala  results  in  a 
significant  reduction  of  affinity  for  growth  factor  and  a  substantially  diminished  ability  to 
homodimerize,  even  though  this  extracellulardomain  binds  to  the  ligands  more  rapidly 
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than  the  wild-type  protein.  We  hypothesize  that  this  region  is  altered  in  conformation  as 
the  receptor  samples  the  available  array  of  configurations,  and  that  by  mutating  these 
residues,  we  have  reduced  the  number  of  available  conformations,  restricting  the  ability 
of  the  protein  to  achieve  the  optimal  structure  for  activation.  The  importance  of  this 
region  is  also  supported  by  studies  of  mAb  806,  a  monoclonal  antibody  which  binds  to  a 
conformationally-sensitive  epitope  in  this  region  (20-22).  Further  characterization  of  this 
region  and  its  role  in  ligand-binding  and  receptor  dimerization  could  lead  to  new  drugs 
that  block  the  ability  of  the  receptor  to  become  activated. 
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APPENDIX  1  -  Reprint  of  Berger,  et  al.  (2004)  FEBS  Lett  569:  332-336. 

(Note:  At  time  of  preparing  this  final  summary,  this  paper  has  been  accepted  for 
publication  and  given  a  citation  reference,  but  this  issue  of  FEBS  Lett  is  not  yet  in  press, 
so  I  am  including  a  copy  of  the  “Uncorrected  Proof’  available  as  a  downloadable  PDF 

from  the  publisher’s  website.) 
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10  Abstract  To  understand  signaling  by  the  neuregulin  (NRG) 

1 1  receptor  ErbB3/HER3,  it  is  important  to  know  whether  ErbB3 

12  forms  homodimers  upon  ligand  binding.  Previous  biophysical 

13  studies  suggest  that  the  ErbB3  extracellular  region  remains 

14  monomeric  when  bound  to  NRG.  We  used  a  chimeric  receptor 

15  approach  to  address  this  question  in  living  cells,  fusing  the 

1 6  extracellular  region  of  ErbB3  to  the  kinase-active  intracellular 

17  domain  of  ErbBl.  The  ErbB3/ErbBl  chimera  responded  to  NRG 

18  only  if  ErbB2  was  co-expressed  in  the  same  cells,  whereas  an 

19  ErbB4/ErbBl  chimera  responded  without  ErbB2.  We,  therefore, 

20  suggest  that  ErbB3  is  an  obligate  heterodimerization  partner 

21  because  of  its  inability  to  homodimerize. 

©  2004  Published  by  Elsevier  B.V.  on  behalf  of  the  Federation  of 
European  Biochemical  Societies. 

Keywords:  Heterodimer;  epidermal  growth  factor;  Receptor; 
Tyrosine  kinase;  Signalling 


27  1.  Introduction 

28  The  epidermal  growth  factor  (EGF)  receptor,  or  ErbB, 

29  family  of  receptor  tyrosine  kinases  play  important  roles  in 

30  normal  embryonic  development,  and  their  aberrant  signaling  is 

31  associated  with  human  cancers  [1,2].  There  are  four  members 

32  of  the  family:  the  EGF  receptor  itself  (EGFR  or  ErbBl), 

33  ErbB2  (also  known  as  HER2  or  Neu),  ErbB3  (HER3)  and 

34  ErbB4  (HER4).  Each  has  a  large  (~620  amino  acid)  extra- 

35  cellular  ligand-binding  region,  a  single  transmembrane  ot-helix, 

36  and  an  intracellular  region  containing,  the  tyrosine  kinase  do- 

37  main  plus  regulatory  sequences.  ErbBl /EGFR  is  activated 

38  directly  by  multiple  ligands,  which  promote  homodimerization 

39  and  autophosphorylation  of  the  receptor  [3].  ErbB4  appears  to 

40  be  regulated  (in  part)  in  a  similar  manner,  but  by  neuregulins 

41  (NRGs)  rather  than  EGF  receptor  agonists  [4].  By  contrast, 

42  ErbB2  has  no  known  direct  extracellular  ligands,  and  ErbB3 

43  binds  NRGs  but  appears  to  have  a  non-functional  tyrosine 

44  kinase  domain  [5-8]. 

45  The  ErbB  receptors  form  a  network  of  homo-  and  hetero- 

46  dimers  [1,9].  ErbB2  can  only  be  regulated  indirectly,  and  is 

47  thought  to  be  the  preferred  heterodimerization  partner  for 

48  other  ErbB  receptors  [10].  ErbB3,  on  the  other  hand,  must 

49  associate  with  an  ErbB  family  member  that  has  an  active  ty- 
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rosine  kinase  in  order  to  respond  to  its  own  NRG  binding.  It  is  50 

thought  that  the  NRG-induced  ErbB3/ErbB2  heterodimer  is  51 

among  the  most  potent  mitogenic  signaling  complexes  in  the  52 

ErbB  network  [8,11-13].  However,  the  molecular  mechanism  53 

for  activation  of  ErbB2  and  ErbB3  through  NRG-induced  54 

hetero-oligomerization  is  not  clear.  Whereas  other  receptor  55 

extracellular  regions  dimerize  upon  ligand  binding,  no  study  of  56 

the  ErbB3  extracellular  region  has  detected  dimerization  upon  57 

NRG  binding  [14-17].  The  ErbB2  extracellular  region  also  fails  58 

to  homodimerize  even  at  very  high  concentrations  [15,18,19].  59 

It  is  important  to  know  whether  or  not  intact  ErbB3  ho-  60 

modimerizes  on  NRG  binding  in  order  to  understand  how  61 

ErbB2/ErbB3  hetero-oligomers  signal.  If  ErbB3  is  truly  kinase-  62 

inactive,  and  ErbB  receptor  activation  involves  tram- phos-  63 

phorylation  of  receptors,  it  is  not  clear  how  ErbB2  can  become  64 

either  activated  or  phosphorylated  within  a  simple  ErbB2/  65 

ErbB3  heterodimer.  This  difficulty  could  be  resolved  if  sig-  66 

naling  occurs  in  the  context  of  a  higher-order  ErbB2/ErbB3  67 

hetero-oligomer,  such  as  a  heterotetramer,  and  it  has  been  68 

suggested  that  such  heterotetramers  might  be  ‘nucleated'  by  69 

NRG-induced  ErbB3  homodimerization  [3,20].  To  test  this  70 

hypothesis  in  a  cellular  context,  we  analyzed  signaling  by  71 

ErbB3/ErbBl  and  ErbB4/ErbBl  chimerae  to  determine  whe-  72 

ther  NRGs  can  promote  ErbB3  homodimerization  at  the  cell  73 


surface.  Under  conditions  identical  to  those  that  promote  ro-  74 
bust  activation  of  the  ErbB4  chimera,  we  find  that  NRGs  75 
cannot  induce  activation  of  the  ErbB3  chimera.  Our  findings  76 
argue  that  NRG  does  not  promote  ErbB3  homodimerization  77 
at  the  cell  surface,  and  have  important  implications  for  un-  78 
derstanding  the  mechanism  of  signaling  through  ErbB3/ErbB2  79 

hetero-oligomers.  80 

2.  Materials  and  Methods  81 

2.1.  Expression  constructs  82 

Full-length  human  ErbBl  and  ErbB2  were  subcloned  into  KpnVNotl  83 
digested  pAc5.  l/V5-HisA  (Invitrogen  Corporation,  Carlsbad,  CA).  84 


Constructs  encoding  chimerae  with  the  extracellular  region  plus  85 
transmembrane  domain  of  either  ErbB3  or  ErbB4  fused  to  the  entire  86 
cytoplasmic  sequence  of  ErbBl  (ErbB3/ErbBl  or  ErbB4/ErbBl)  were  87 
generated  by  four-primer  PCR.  In  ErbB3/ErbBl,  the  ErbB3  fragment  88 
extends  through  Trp647.  In  ErbB4/ErbBl ,  the  ErbB4  fragment  extends  89 


through  Val675.  The  ErbBl  fragment  begins  at  Arg645  in  both  cases.  90 

2.2 .  Cell  culture  91 

Schneider-2  (S2)  Drosophila  melcmogaster  cells  (Invitrogen)  were  92 
grown  at  24  °C  in  complete  Schneider’s  Medium  (Sigma-Aldrich,  St.  93 
Louis,  MO),  containing  penicillin/streptomycin  (50  U  ml" 750  pg  94 
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ml-1),  and  gentamicin  (50  gg/ml)  (GibcoBRL,  Rockville,  MD),  sup¬ 
plemented  with  10%  heat-inactivated  fetal  bovine  serum  (FBS)  (Hy- 
Clone,  Logan,  UT) 

2.3.  Stable  cell-lines 

S2  cells  were  transfected  with  20  pg  DNA  (19  pg  desired  expression 
construct  plus  1  g  pCoHygro  selection  vector  (Invitrogen))  using  the 
calcium  phosphate  method  (Invitrogen).  After  approximately  3  weeks 
of  selection,  pools  of  cells  resistant  to  300  pg/ml  Hygromycin  B  were 
expanded  and  screened  for  expression  by  Western  blotting  and  flow 
cytometry.  All  stably  expressing  cell-pools  were  maintained  in  com¬ 
plete  Schneider’s  Medium  supplemented  with  10%  FBS  and  300  pg/ml 
Hygromycin  B. 

2.4.  Antibodies 

Western  blots  were  probed  with  anti-ErbBl  antibody  Ab-15,  anti- 
ErbB2  antibody  Ab-8  (NeoMarkers,  Freemont.  CA),  anti-phospho- 
MAP  Kinase  antibody  9101  (Cell  Signaling  Technology,  Beverly,  MA), 
anti-MAP  Kinase  antibody  M  5670  (Sigma-Aldrich)  and  anti-phos- 
pho-tyrosine  antibody  PY20  (Zymed  Laboratories,  South  San  Fran¬ 
cisco,  CA).  Flow  cytometry  was  performed  with  R-phycoerythrin  ( R - 
PE)-conjugated  anti-EGFR,  R-PE-conjugated  anti-HER-2/Neu  anti¬ 
bodies,  R-PE-conjugated  secondary  antibodies  (rat  anti-mouse  IgG2a~b 
and  rat  anti-mouse  IgG|)  (BD  Biosciences,  Franklin  Lakes,  NJ),  anti- 
ErbB3  antibody  Ab-4,  and  anti-ErbB4  antibody  Ab-1  (NeoMarkers). 

2.5.  Flow  cytometry 

For  analysis  of  ErbBl  and  ErbB2  expression,  cells  were  incubated 
for  30  min  on  ice  with  PE-conjugated  antibodies,  and  then  diluted  to 
approximately  500  L  in  PBS  with  2%  FBS.  For  ErbB3  and  ErbB4 
analysis,  cells  were  incubated  on  ice  for  30  min  with  5  pg  primary 
antibodies,  washed  with  ice-cold  PBS/FBS,  and  subsequently  incu¬ 
bated  for  30  min  on  ice  with  7?-PE-conjugated  secondary  antibodies 
(1:50  (v/v)).  Flow  cytometry  was  performed  using  a  FACScan  flow 
cytometer  (BD  Biosciences). 

2.6.  Receptor  phosphorylation  and  MAPK  activation  experiments 

Cells  were  harvested,  washed  with  PBS,  and  serum-starved  overnight 

in  complete  Schneider’s  medium  supplemented  with  0.5%  FBS  (star¬ 
vation  medium).  Cells  were  then  stimulated  on  ice  (for  receptor 
phosphorylation)  or  at  room  temperature  (for  MAP  kinase  (MAPK) 
phosphorylation  studies)  for  10  min  with  100  ng/ml  EGF  (EGF)  (In¬ 
tergen,  Purchase,  NY)  or  human  NRG  1 -pi  EGF  domain  (R&D  Sys¬ 
tems,  Minneapolis,  MN)  or  were  left  untreated.  The  cells  were  washed 
with  ice-cold  PBS  and  lysed  in  RIPA  buffer  (25  mM  Tris-HCl,  pH  7.5. 
150  mM  NaCl,  1%  Triton  X-100,  1%  sodium  deoxycholate,  0.1%  SDS, 
1  mM  PMSF,  1  g/ml  leupeptin,  1  pg/ml  aprotinin,  25  mM  NaF,  5  mM 
Na2Mo04.  and  0.2  mM  Na3V04),  and  clarified  by  centrifugation  at 
14000  rpm  for  10  min  at  4  °C.  Boiled  samples  of  equal  protein  levels 
were  then  subjected  to  Western  blotting  analysis  with  the  indicated 
antibodies,  followed  by  horseradish  peroxidase-conjugated  secondary 
antibodies,  and  were  detected  using  chemiluminescence. 


3.  Results 

Since  the  tyrosine  kinase  domain  of  ErbB3  appears  to  be 
catalytically  impaired  or  inactive  [5-7],  ligand-induced  dimer¬ 
ization  of  this  receptor  cannot  be  followed  by  directly  ana¬ 
lyzing  its  autophosphosphorylation.  To  circumvent  this 
problem,  we  generated  a  chimera  with  the  extracellular  region 
plus  transmembrane  domain  of  ErbB3  fused  to  the  cytoplas¬ 
mic  region  of  EGFR.  This  chimera  will  have  the  NRG-binding 
properties  of  ErbB3,  yet  its  intracellular  region  should  be  ca¬ 
pable  of  dimerization-dependent  kinase  activation  as  seen  with 
EGFR.  If  NRG-binding  does  induce  dimerization  of  the 
ErbB3  extracellular  region  in  a  cellular  context,  this  should  be 
evidenced  by  ligand-induced  autophosphorylation  of  the 
ErbB3/ErbBl  chimera  and  resulting  MAPK  activation.  As  a 
positive  control,  we  also  generated  a  chimera  in  which  the 
extracellular  region  is  instead  derived  from  ErbB4.  Previous 


work  has  shown  that  the  extracellular  region  of  ErbB4  oligo¬ 
merizes  readily  upon  NRG  binding  [15],  so  the  ErbB4/ErbBl 
chimera  should  certainly  show  NRG-regulated  autophospho¬ 
rylation  and  activation.  A  schematic  representation  of  the 
ErbB  receptors  and  the  chimerae  are  shown  in  Fig.  1. 

3.  J.  Signaling  by  human  ErbB  receptors  in  Drosophila 
Schneider-2  cells 

We  used  the  Drosophila  melanogaster  Schneider-2  (S2)  cell¬ 
line  as  a  null  background  for  mammalian  ErbB  proteins.  In¬ 
sect  cell-lines  have  previously  been  used  as  cellular  back¬ 
grounds  for  a  number  of  studies  of  the  human  ErbB  receptors 
[7,16,21-23]. 

We  first  tested  the  utility  of  S2  cells  by  generating  cells  that 
stably  overexpress  human  ErbBl  or  ErbB2.  As  shown  in 
Fig.  2,  human  ErbBl  expressed  in  S2  cells  was  tyrosine  auto- 
phosphorylated  in  response  to  EGF  (but  not  NRG)  treatment. 
In  addition,  robust  EGF-induced  activation  (phosphorylation) 
of  Drosophila  roIled/MAPK  could  be  detected  by  immuno- 
blotting  with  anti-phospho-MAPK  antibodies.  These  re¬ 
sponses  were  EGF-specific,  and  were  only  found  in  ErbBl  - 
expressing  S2  cells.  No  similar  responses  were  detected  upon 
EGF  or  NRG  treatment  of  parental  S2  cells  or  cells  expressing 
human  ErbB2. 

3.2.  NRG  efficiently  activates  an  ErbB41  ErbBl  chimera,  but  not 
an  ErbB3i ErbBl  chimera 

Having  established  that  human  ErbBl  can  signal  in  S2  cells, 
we  next  generated  cell-lines  that  stably  express  either  the 
ErbB3/ErbBl  or  ErbB4/ErbBl  chimera  depicted  in  Fig.  1.  We 
verified  that  that  both  chimerae  were  expressed  at  the  cell 
surface  using  flow  cytometry  (Fig.  3),  indicating  that  our  chi¬ 
meric  receptors  are  correctly  folded  and  processed  -  so  that 
differential  accessibility  to  extracellular  ligand  can  be  ruled  out 
in  interpreting  any  differences  in  their  signaling.  Comparative 
studies  of  human  breast  cancer  cell  lines  with  reported  num¬ 
bers  of  NRG-binding  sites  [24]  suggested  that  our  chimerae  are 
expressed  at  104-105  copies  per  cell,  with  the  ErbB3/ErbBl 
chimera  expressed  at  2-5  fold  higher  levels  than  the  ErbB4/ 
ErbBl  chimera. 

We  analyzed  the  ability  of  NRG  to  stimulate  autophos¬ 
phorylation  of  the  ErbB3/ErbBl  and  ErbB4/ErbBl  chimerae 
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Parental  ErbBI  ErbB2 
EGF:  - 

NRG: - h - h - + 

a-P-Tyr  W.  •  \  ''  ■  «- 

a-P-MAPK  '■ 


a-MAPK 


Fig.  2.  Ligand-induced  activation  of  human  ErbB  receptors  in  Dro¬ 
sophila  S2  cells.  Receptor  autophosphorylation  and  MAPK  activation 
were  analyzed  by  immunoblotting  whole-cell  lysates  from  parental, 
ErbBI -expressing,  and  ErbB2-expressing  S2  cells  after  treatment  with 
human  EGF  or  NRG.  The  primary  antibodies  used  for  Western 
blotting  are  marked  at  left,  and  recognize  phospho-tyrosine  (a-P-Tyr) 
(top  blot),  phosphorylated  MAPK  (a-P-MAPK)  (middle  blot),  and 
pan-MAPK  (a-MAPK)  (lower  blot).  The  arrow  at  right  in  the  top  blot 
marks  the  size  of  the  exogenous  ErbB  receptor  bands  to  distinguish 
from  endogenous  Drosophila  phospho-tyrosine  containing  proteins. 


A  ErbB3/ErbB1  ErbB4/ErbB1 
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a- ErbBI 
(endo) 
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(x-P-MAPK  ******* 


a-MAPK 


ErbB3/ErbB1 


ErbB4/ErbB1 


Fig.  3.  Cell-surface  expression  of  ErbB3/ErbBl  and  ErbB4/ErbBl 
chimerae.  Expression  of  the  ErbB3/ErbBl  (A)  and  ErbB4/ErbBl  (B) 
chimerae  on  the  cell  surface,  analyzed  by  flow  cytometry.  The  solid 
gray  traces  (with  peaks  shaded  gray)  represent  data  from  parental  S2 
cells  treated  with  the  primary  and  secondary  antibodies,  while  the 
black  traces  represent  data  from  the  stable  cell-lines  analyzed  in  the 
same  fashion.  The  marked  right-shifts  in  each  case  demonstrate  that 
both  chimerae  are  expressed  appropriately  at  the  cell  surface.  10000 
cells  were  analyzed  for  each  FACS  analysis. 


Fig.  4.  Analysis  of  signaling  by  ErbB3/ErbBl  and  ErbB4/ErbBl  chi¬ 
merae  in  S2  cells.  (A)  S2  cells  stably  expressing  the  ErbB3/ErbBl  and 
ErbB4/ErbBl  chimera  were  left  unstimulated  or  treated  with  NRG  on 
ice.  Receptor  autophosphorylation  was  analyzed  by  immunoblotting 
with  anti-phosphotyrosine  (a-P-Tyr)  antibody  (upper  blot).  An  arrow 
highlights  the  bands  corresponding  to  the  human  ErbB  receptor  chi¬ 
merae.  Chimera  expression  was  confirmed  by  Western  blotting  with  an 
antibody  specific  for  the  ErbBI  intracellular  domain  (a-ErbBl  endo) 
antibody  (lower  blot).  (B)  Stable  cell  pools  expressing  ErbB3/ErbBl  or 
ErbB4/ErbBl  were  treated  for  10  min  at  room-temperature  with  no 
growth  factor  (-)  or  with  NRG  (+).  Upper  blot:  detection  of  activated 
MAPK  (a-P-MAPK).  Lower  blot:  detection  of  total  MAPK  loaded  (a- 
MAPK). 


and  resulting  MAPK  activation.  As  shown  in  Fig.  4A,  robust  199 
NRG-induced  autophosphorylation  was  detected  in  cells  ex-  200 
pressing  the  ErbB4/ErbBl  chimera,  but  no  response  was  ob-  201 
served  with  the  ErbB3/ErbBl  chimera.  Similarly,  NRG  202 
promoted  strong  MAPK  phosphorylation  in  S2  cells  express-  203 
ing  the  ErbB4/ErbBl  chimera  but  not  those  expressing  ErbB3/  204 
ErbBI  (Fig.  4B).  Thus,  the  ErbB3/ErbBl  chimera  is  not  sen-  205 
sitive  to  ligand  stimulation  despite  that  fact  that  it  is  well  ex-  206 
pressed  at  the  cell  surface  (Fig.  3A),  and  that  an  identically  207 
designed  ErbB4/ErbBl  chimera  signals  robustly.  Together  208 
with  our  inability  to  detect  dimers  of  the  ErbB3  extracellular  209 
region  in  biophysical  studies  [15],  these  results  argue  that  210 


ErbB3  does  not  homodimerize  when  it  binds  NRG.  21 1 

3.3.  The  ErbB3l ErbBI  chimera  form  a  functional  heteromeric  212 

NRG  receptor  with  ErbB2  213 

To  rule  out  the  possibility  that  the  ErbB3/ErbBl  chimera  is  214 
non-functional  for  some  reason  not  controlled  for  in  our  in-  215 
vestigation,  we  asked  whether  it  could  form  an  active  signaling  216 
complex  with  human  ErbB2.  As  mentioned  in  Section  1,  li-  217 
gand-induced  active  ErbB3/ErbB2  heterodimers  are  thought  to  218 
be  potently  mitogenic  (and  oncogenic).  Alone,  neither  ErbB2  219 
nor  ErbB3  can  activate  signaling  cascades  upon  NRG-stimu-  220 
lation.  However,  coexpression  of  ErbB2  with  ErbB3  generates  221 
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Fig.  5.  Transient  expression  of  ErbB2  reconstitutes  NRG  signaling  in 
S2  cells  expressing  the  ErbB3/ErbBl  chimera.  (A)  S2  cells  expressing 
the  ErbB3/ErbBl  chimera  were  transiently  transfected  with  human 
ErbB2  and  were  stimulated  with  NRG.  Immunoblotting  of  whole-cell 
lysates  was  performed  with  an  anti-ErbB2  antibody  (upper  blot)  anti- 
phosphotyrosine  (middle  blot),  and  chimera  expression  (lower  blot) 
was  detected  with  an  anti-ErbBi  endodomain-specific  antibody  (c*- 
ErbBl  endo).  (B)  MAPK  activation  was  analyzed  by  immunoblotting 
of  whole-cell  lysates  of  ErbB3/ErbBl -expressing  cells  transiently 
transfected  with  control  or  ErbB2  vectors.  Upper  blot:  ErbB2  ex¬ 
pression  (a-ErbB2).  Middle  blot:  activated  MAPK  (a-P-MAPK). 
Lower  blot:  total  MAPK  loaded  (cx-MAPK). 

a  potent  functional  NRG  receptor  [11,25,26].  If  this  coopera¬ 
tion  results  primarily  from  extracellular  interactions,  we  an¬ 
ticipate  that  coexpression  of  ErbB2  with  the  ErbB3/ErbBl 
chimera  in  S2  cells  should  also  reconstitute  NRG  signaling. 

We  transiently  transfected  ErbB3/ErbBl -expressing  S2  cells 
with  a  plasmid  that  drives  expression  of  full-length  human 
ErbB2.  As  shown  in  Fig.  5,  although  transient  overexpression 
of  ErbB2  in  these  cells  resulted  in  high  levels  of  basal  auto¬ 
phosphorylation  as  described  by  others  [26,27],  a  slight  NRG- 
induced  enhancement  of  receptor  autophosphorylation  can  be 
discerned  in  the  cells  co-expressing  ErbB2  and  the  ErbB3/ 
ErbBl  chimera.  More  convincingly,  Fig.  5B  shows  that, 
whereas  NRG  does  not  promote  MAPK  activation  in  parental 
or  ErbB2-expressing  S2  cells  (see  Fig.  2)  or  the  ErbB3/ErbBl 
chimera  alone,  it  does  induce  a  robust  increase  in  phospho- 
MAPK  levels  when  both  proteins  are  expressed.  These  results 
argue  that  the  ErbB3/ErbBl  chimera  can  respond  to  NRG. 
However,  like  wild-type  ErbB3,  it  is  only  competent  to  signal 
when  expressed  alongside  another  ErbB  receptor  with  which  it 
can  form  heteromeric  complexes.  Interestingly,  .this  appears  to 
be  a  property  of  ErbB3  whether  its  kinase  domain  is  active  (as 
in  our  ErbB3/ErbBl  chimera)  or  impaired  (as  in  wild-type 
ErbB3).  We,  therefore,  suggest  that  the  unusual  signaling 
properties  of  ErbB3  arise  less  from  its  reported  inability  to 
function  as  a  tyrosine  kinase  than  from  its  ability  to  form  li¬ 
gand-induced  homodimers. 


4.  Discussion 

A  key  question  in  ErbB  receptor  signaling  is  whether  ligand 
binding  causes  ErbB2  and  ErbB3  to  form  heterodimers  or 
larger  oligomers.  If  ErbB3  is  kinase-inactive,  and,  therefore, 
cannot  phosphorylate  ErbB2  directly,  it  is  difficult  to  see  how 
NRG  could  activate  ErbB2  in  the  context  of  an  ErbB2/ErbB3 


heterodimer.  This  consideration  has  led  to  the  suggestion  that 
higher  order  hetero-oligomers  must  form  [3,15,28],  perhaps 
nucleated  by  NRG-induced  ErbB3  homodimerization,  allow¬ 
ing  ErbB2  molecules  to  phosphorylate  one  another.  Here,  we 
provide  evidence  suggesting  that  NRG  does  not  induce  ErbB3 
homodimerization  at  the  cell  surface,  supporting  previous 
studies  employing  isolated  extracellular  domains  [14-17]. 
These  findings  argue  against  the  hypothesis  that  NRG  induces 
large  ErbB2/ErbB3  hetero-oligomers,  and  together  with  recent 
structural  studies  [29]  are  more  consistent  with  the  possibility 
that  ErbB3  does  directly  activate  ErbB2  in  the  context  of 
NRG-induced  ErbB2/ErbB3  heterodimers. 

How  might  ErbB3  /nmy-activate  ErbB2  in  such  a  heterodi¬ 
mer?  One  possibility  is  that  it  does  possess  significant  (but  low 
level)  kinase  activity,  and  can  /rrm-phosphorylate  ErbB2  in 
the  context  of  a  heterodimer.  The  initial  suggestion  that  the 
ErbB3  kinase  domain  is  impaired  was  sequence-based  [30,31], 
and  was  supported  by  subsequent  studies  of  the  intact  protein 
[5-7]  and  its  isolated  kinase  domain  [6]  (although  none  con¬ 
clusively  demonstrated  an  absence  of  activity).  Guy  et  al.  [5] 
reported  that  the  tyrosine  kinase  activity  of  full-length  insect 
cell-expressed  ErbB3  is  at  least  100-fold  weaker  than  that  for 
ErbBl  or  ErbB2.  ErbB3  autophosphorylation  and  substrate 
phosphorylation  was  readily  detectable  in  these  studies,  but  its 
insensitivity  to  NRG  treatment  led  to  the  interpretation  that 
ErbB3  alone  was  not  responsible.  However,  if  NRG  does  not 
promote  ErbB3  homodimerization  -  as  our  studies  and  pre¬ 
vious  biophysical  analyses  suggest  -  then  such  NRG  activation 
would  not  be  expected.  Thus,  a  possible  interpretation  of 
earlier  phosphorylation  studies  is  that  ErbB3  does  in  fact  have 
a  low  (but  nonetheless  detectable)  level  of  kinase  activity,  but 
that  it  is  not  activated  (through  homodimerization)  by  NRG 
binding  to  the  extracellular  region.  Caution  should,  therefore, 
be  exercised  in  assuming  the  ErbB3  is  truly  ‘kinase-dead’.  In¬ 
deed,  consistent  with  a  requirement  for  ErbB3  kinase  activity, 
Wallasch  et  al.  [26]  found  that  mutation  of  a  critical  lysine  in 
the  ATP  binding  site  of  ErbB3  significantly  reduces  the  extent 
of  NRG-induced  ErbB2  phosphorylation  in  cells  expressing 
both  ErbB2  and  the  mutated  (or  wild-type)  ErbB3.  These 
findings  are  clearly  consistent  with  the  possibility  that  ErbB3 
directly  phosphorylates  ErbB2  in  the  context  of  a  NRG-in¬ 
duced  ErbB2/ErbB3  heterodimer. 

It  should  be  noted  that  our  findings  with  the  ErbB3/ErbBl 
chimera  contradict  two  previous  reports.  In  chemical  cross- 
linking  studies,  Tzahar  et  al.  [20]  failed  to  detect  NRG-induced 
dimerization  of  the  ErbB3  extracellular  region,  but  could  detect 
cross-linked  dimers  when  the  ErbB3  extracellular  region  was 
membrane  anchored  by  a  transmembrane  domain  or  lipid  an¬ 
chor.  Since  ErbB3  was  only  detected  in  these  studies  by  affinity 
labeling  with  I25I  labeled  NRG,  it  is  not  clear  whether  the 
observed  crosslinked  oligomeric  species  are  enhanced  by  ligand 
binding,  or  are  constitutive  (as  suggested  in  other  studies  of 
ErbB3  [16,17]).  Alimandi  et  al.  [32]  also  generated  an  ErbB3/ 
ErbBl  chimera  with  the  ErbB3  extracellular  region  fused  to  the 
transmembrane  and  intracellular  domains  of  ErbBl.  This  chi¬ 
mera  did  appear  to  become  phosphorylated  following  NRG 
treatment  in  32D  cells,  by  contrast  with  our  findings  in  S2  cells 
[32].  It  is  unlikely  that  the  different  origin  of  the  transmembrane 
domain  in  our  studies  (where  it  was  ErbB3-derived)  and  those 
of  Alimandi  et  al.  (where  it  was  ErbBl -derived)  could  explain 
this  discrepancy.  The  cellular  background,  therefore,  seems  a 
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more  likely  origin  of  the  difference.  Although  the  murine  32D 
cell-line  used  by  Alimandi  and  colleagues  has  been  reported  to 
be  ErbB  receptor  null  [11],  it  may  contain  endogenous  ErbB 
receptors  that  are  not  detectable,  but  nonetheless  interact 
productively  with  the  exogenous  chimera.  Indeed,  such  en¬ 
dogenous  receptors  could  also  explain  the  surprising  observa¬ 
tion  that  in  32D  cells  (but  not  BaF3  cells)  co-expressed  ErbB2 
and  ErbB3  (or  the  ErbB3/ErbBl  chimera)  appear  to  respond  to 
EGF  and  betacellulin  (despite  the  fact  that  neither  receptor 
binds  these  ligands)  [32-35]. 

Excepting  these  caveats,  we  argue  that  NRG  does  not  induce 
homodimerization  of  intact  ErbB3  or  its  isolated  extracellular 
region.  Some  evidence  was  previously  presented  for  weak 
NRG-induced  hetero-oligomerization  of  the  ErbB2  and  ErbB3 
extracellular  domains  [15]  (although  others  have  not  seen  this 
[14]),  and  our  data  suggest  that  NRG  induces  ErbB3/ErbB2 
heterodimerization  in  the  absence  of  ErbB3  homodimeriza- 
tion.  Assuming  a  simple  heterodimerization  mechanism  based 
on  recent  structural  studies  [29],  it  can  be  argued  that  ErbB2 
will  be  activated  much  more  efficiently  by  ligand-bound  ErbB3 
than  by  ligand-bound  ErbB4  or  ErbBl.  Whereas  ligand-bound 
ErbBl  or  ErbB4  may  prefer  to  form  homodimers  than  to 
heterodimerize  with,  and  activate,  ErbB2,  there  is  no  such 
homomeric  alternative  for  NRG-bound  ErbB3.  Given  the 
mitogenic  potency  of  activated  ErbB2,  this  lack  of  competition 
from  homodimerization  may  provide  part  of  the  reason  why 
the  ErbB2/ErbB3  combination  appears  to  be  particularly  po¬ 
tent  in  propagating  mitogenic  signals  in  tissue  culture  systems, 
and  has  also  been  identified  in  a  wide  array  of  human  tumors 
[2,8,12,36]. 
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APPENDIX  2  -  Chapter  IV  from  Pi’s  doctoral  thesis,  “Mechanisms  of  ErbB  Receptor 

Oligomerization.” 

This  chapter  details  the  results  and  interpretations  from  the  analysis  of  ligand-binding  and 
homodimerization  of  wild-type  and  mutant  soluble  recombinant  ErbBl  extracellular 
domains  to  examine  energetic  contributions  of  different  regions  in  the  homodimerization 
surface  suggested  by  recent  crystal  structures  of  the  receptor  extracellular  domain. 
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CHAPTER IV 


Biophysical  Analysis  of  ErbBI  Homodimerization 


SUMMARY 

The  four  members  of  the  ErbB  receptor  family  are  activated  through  homo-  and 
hetero-interactions  driven  by  ligand-binding  to  the  extracellular  domains  of  the  receptors. 
The  extracellular  domains  are  made  up  of  four  subdomains,  commonly  referred  to  as 
domains  I  -  IV,  and  each  is  thought  to  play  unique  roles  in  activation/dimerization. 

While  these  receptors  have  been  studied  for  more  than  20  years,  we  are  only  now  gaining 
an  appreciation  for  the  molecular  events  underlying  these  events.  Recent  structural 
studies  of  the  unactivated  and  homodimeric  ErbBI  extracellular  domain  indicate  that  this 
receptor  is  activated  via  an  unprecedented,  receptor-mediated,  mechanism.  The  current 
model  of  activation  postulates  that  the  extracellular  domain  shifts  between  two  different 
conformations  -  an  autoinhibited  form  which  is  maintained  by  mtramolecular 
interactions  between  domain  iV  and  a  loop  in  domain  II,  and  an  extended,  active  form 
with  the  same  domain  II  loop  solvent  exposed,  able  to  make  mtermolecular  contacts 
primarily  with  the  equivalent  loop  of  another  active  receptor  molecule.  The  tethered 
conformation  has  a  low  affinity  for  growth  factors  whereas  the  conformational 
rearrangements  leading  to  the  active  form  bring  the  ligand-binding  domains  I  and  III  in 
close  proximity,  resulting  in  an  enhanced  affinity  for  growth  factors  due  to  simultaneous 


binding  of  the  two  domains  by  the  same  ligand  molecule.  It  is  therefore  postulated  that 
growth  factors  serve  to  activate  the  receptor  by  stabilizing  the  extended  form,  thereby 
driving  the  equilibrium  between  the  different  conformations  towards  the  active  form  and 
increasing  its  population.  In  this  chapter  we  discuss  a  series  of  experiments  testing  the 
effects  of  various  structure-based  mutants  on  both  ligand-binding  and  homodimerization 
by  the  ErbBl  extracellular  domain.  The  results  of  these  studies  highlight  a  number  of 
additional  contributions  to  the  dimer  interface  that  appear  to  play  a  key  role  in  the 
activation  of  the  receptor,  and  suggest  future  studies  crucial  for  the  development  of  better 
models  (based  on  energetic  and  structural  considerations)  of  these  events. 


INTRODUCTION 


The  four  members  of  the  ErbB  receptor  family  have  a  similar  domain  architecture 
(see  Figure  1-2).  All  contain  an  TM-terminal  extracellular  ligand-binding  domain 
composed  of  four  subdomains,  typically  referred  to  as  domains  I  -  IV  (or  alternatively 
LI,  Cl,  L2  and  C2),  a  single  ? -helical  transmembrane  domain,  and  a  cytoplasmic 
effector  domain  that  includes  the  tyrosine  kinase  domain  and  a  C-terminal  tail  capable  of 
recruiting  SH2-  and  PTB-domain  containing  proteins.  The  four  receptors  share 
significant  sequence  identity  (40  -  60%),  but  differ  markedly  in  both  their  ligand  binding 
characteristics  and  their  complement  of  regulatory  tyrosine  phosphorylation  sites.  The 
growth  factor  ligands  for  ErbB  receptors  can  be  separated  into  three  distinct  classes  based 
on  their  receptor  specificity:  the  EGF  agonists  (including  EGF  itself),  which  only  bind  to 
and  activate  ErbBl  directly;  the  neuregulins,  which  activate  only  ErbB3  and/or  ErbB4 
directly,  and  the  bispecific  ligands,  e.g.,  betacellulin  and  heparin-binding  EGF,  which  are 
capable  of  activating  both  ErbBl  and  ErbB4  directly.  There  is  no  known  ligand  for 
ErbB2  alone  (8,15). 

When  inactive,  the  receptors  are  believed  to  be  monomers  on  the  cell-surface. 
Ligand-binding  to  the  receptor  extracellular  domains  (ectodomains)  induces  homo-  and 
heterodimerization,  resulting  ih  autophosphorylation  in  trans  of  the  regulatory  tyrosine 
residues  in  their  cytoplasmic  tails  (25).  Differential  expression  of  the  different  ErbB 
receptors  and  their  ligands  allows  for  combinatorial  interactions  and  fine-tuning  of  the  set 
of  downstream  signaling  pathways  that  are  activated  (1).  While  the  biological  outcomes 
of  these  signaling  pathways  have  been  extensively  studied,  the  mechanistic  basis  for  the 


oligomerization  of  the  receptors  is  only  starting  to  become  well  understood  at  the 
molecular  level. 

Given  that  overexpression  or  aberrant  activation  of  the  ErbB  receptors  are 
correlated  with  a  wide  variety  of  human  cancers,  they  are  an  obvious  target  for  the 
development  of  specific,  directed  chemotherapeutic  agents  (22,29).  This  is  exemplified 
by  the  development  of  Trastuzumab  (Herceptin),  a  humanized  monoclonal  anti-ErbB2 
antibody  used  in  clinical  treatment  as  a  chemotherapeutic  agent  against  ErbB2- 
overexpressing  breast  cancers.  There  are  now  multiple  drugs  in  various  stages  of  clinical 
trials  targeting  the  ErbB  receptors  (23).  It  is  clear,  however,  that  a  more  detailed 
understanding  of  how  the  ErbB  receptors  become  activated  will  be  tremendously  useful 
for  the  design  of  future  targeted  drugs,  especially  with  a  view  to  increase  the  activity  of 
these  agents  while  minimizing  unwanted  side-effects.  For  example,  Herceptin  use  can 
result  in  cardiac  toxicity  (14),  and  treatment  with  anti-ErbBl  antibody  C225  often  result 
in  dermatologic  outbreaks  (5). 

Activation  by  ligand-induced  dimerization  is  a  property  of  all  growth  factor  RTKs 
studied  to  date  except  those  in  the  insulin  receptor  family.  While  the  ligand:receptor 
stoichiometry  varies  for  different  receptors,  the  growth  factors  are  most  often  found  in  the 
receptor-receptor  interface,  effectively  serving  to  help  “stitch”  together  or  cross-link  the 
dimer  (25).  It  had  been  previously  demonstrated  that  monomeric  EGF  induces 
dimerization  of  a  solubilized  ErbBl  ectodomain  in  a  2:2  ligandrreceptor  complex  (19).  It 
was  predicted  that  homodimerization  would  be  mediated  by  bivalent  ligand  contacts 
across  the  dimer,  as  was  seen  for  other  RTKs,  but  receptor-mediated  homodimerization 
remained  a  possibility.  A  major  goal  for  the  field  was  to  obtain  detailed  models  of  these 


receptor-receptor  and  receptor-ligand  interactions  that  could  ultimately  provide  key 
insights  into  specific  structural  elements  to  be  mimicked  or  inhibited  for  therapeutic 
purposes. 

Recent  structural  studies  have  led  to  an  unprecedented  paradigm  for  ligand- 
induced  ErbB  receptor  activation  (4).  However,  while  crystal  structures  have  provided  us 
with  a  wealth  of  information  about  the  mechanisms  underlying  ligand-binding  and 
receptor  dimerization,  they  are  merely  “snapshots”  of  the  proteins,  providing  information 
only  about  specific  conformations  or  activation  states.  Structural  differences  between  the 
unactivated  and  dimeric  ErbBl  proteins,  for  example,  reveal  that  ligand-binding  and 
activation  induce  a  complex  set  of  conformational  shifts  and  domain  rearrangements  (4). 
In  order  to  gain  a  more  detailed  understanding  of  the  contribution  from  different  receptor- 
receptor  contact  regions,  as  well  as  to  make  headway  into  energetic  effects  of  ligand¬ 
binding  and  dimerization,  we  have  generated  various  structure-based  mutants  of  the 
soluble  ErbBl  ectodomain  (sErbBl)  and  have  begun  to  characterize  their  ligand-binding 
and  dimerization  propensities.  In  particular,  we  focused  on  understanding  the  energetic 
contribution  of  parts  of  the  dimer  interface  other  than  the  dimerization  arm  itself  to 
receptor  activation. 

EXPERIMENTAL  PROCEDURES 

Growth  Factors.  Recombinant  human  epidermal  growth  factor  (EGF)  and 
recombinant  human  transforming  growth  factor  alpha  (TGF?  )  were  purchased  from 
Intergen  Corp.  (Purchase,  NY).  Both  ligands  were  purchased  lyophilized  from  PBS,  free 
of  carrier  proteins  and  were  resuspended  in  water. 


Cell  Culture.  Sf9  cells  were  obtained  from  Invitrogen  Corp.  (Carlsbad,  CA). 

Cells  were  grown  in  suspension  culture  at  27?C  in  SF900-II  medium  (Invitrogen) 
supplemented  with  penicillin/streptomycin  (50  U  ml'V50  ?g  ml'1)  (GibcoBRL,  Rockville, 
MD). 

sErbBl  Expression  Constructs.  Generation  of  the  wild-type  sErbBl  expression 
vector  has  been  previously  described  (11).  Briefly,  the  coding  sequence  for  residues  1  — 
642  of  human  ErbBl  (residues  1  -  61 8  of  the  mature  sequence)  followed  by  a 
hexahistidine  tag  and  stop  codon  were  generated  by  PCR.  A  unique  Bglll  site  was 
introduced  upstream  of  the  start  codon  and  a  unique  Xbal  site  after  the  stop  codon.  The 
Bglll  -  Xbal  digested  PCR  product  was  ligated  into  Bglll  -  Xbal  digested  pFastBacI 
plasmid.  Site-directed  mutagenesis  was  achieved  using  a  standard  four-primer  PCR 
method  (2)  or  the  QuickChange  kit  (Stratagene,  La  Jolla,  CA)  following  the 
manufacturer’s  instructions.  All  PCR-derived  products  were  sequenced  by  the  DNA 
sequencing  facility  at  the  University  of  Pennsylvania. 

Protein  Purification.  Purification  of  all  sErbBl  variants  was  performed  as 
previously  described  (1 1).  Briefly,  baculovirus  for  each  construct  was  generated  from 
pFastBac-constructs  in  Sf9  cells  following  instructions  in  the  “Bac-to-Bac”  manual 
(Invitrogen).  Sf9  cells  were  grown  in  five  1 -liter  spinner  flasks  each  containing 
approximately  500  ml  culture.  High-titer  baculovirus  stocks  were  amplified  for  4  days 
before  infecting  Sf9  cells  at  approximately  3  X  106  cells/ml  density.  Infected  cells  were 
cultured  at  27?C  for  a  further  96  hours,  then  the  conditioned  media  was  harvested  and 
clarified  by  centrifugation.  The  supernatant  was  then  concentrated  approximately  3-fold 
and  buffer  exchanged  with  3.5  volumes  of  25  mM  Tris-HCl,  150  mM  NaCl,  pH  8.0 


(Buffer  A)  by  diafiltration  using  a  Millipore  Prep/Scale-TFF  30  kDa  cartridge.  The 
solution  was  clarified  again  by  centrifugation  and  flowed  onto  a  Ni-NTA  Superflow 
column  (Qiagen,  Valencia,  CA).  The  column  was  washed  with  Buffer  A,  then  the  protein 
eluted  by  washing  sequentially  with  two  1 .5-column  volumes  of  Buffer  A  containing  15, 
25,  50,  75,  150  and  300  mM  imidazole,  pH  B.0.  sErbBl -containing  fractions  were 
concentrated  in  Amicon  Centriprep  YM-50  and  Centricon  YM-50  centrifugal  filter  units 
(Millipore,  Billerica,  MA)  and  purified  by  size  exclusion  chromatography  on  a  Pharmacia 
Superose  6  gel  filtration  column  in  25  mM  HEPES  buffer  pH  8.0  containing  150  mM 
NaCl  (Buffer  B).  Purified  proteins  were  stored  at  4?C. 

Surface  Plasmon  Resonance  Studies.  EGF  and  TGF?  binding  by  sErbBl 
variants  were  analyzed  by  surface  plasmon  resonance  (SPR)  experiments  on  a  Biacore 
3000  instrument.  All  experiments  were  performed  in  degassed  10  mM  HEPES  buffer, 
pH  8.0  containing  150  mM  NaCl,  3  mM  EDTA  and  0.005%  Surfactant  P-20  at  room 
temperature.  EGF  and  TGF?  were  immobilized  on  a  Biacore  CM5  Biosensor  chip  by 
amine  coupling  as  follows:  the  dextran  matrix  of  three  of  the  four  surfaces  of  the  chip 
was  activated  with  l-ethyl-3(3-diethylaminopropyl)-carbodiimide  hydrochloride  (EDC) 
and  N-hydroxysuccinimide  (NHS).  The  growth  factors  (at  200  ?  g/ml  in  10  mM  sodium 
acetate,  pH  4.0)  were  flowed  o.ver  the  activated  surfaces  at  5  ?  l/min  for  1 0  min  -  EGF 
over  channel  2  and  TGF?  over  channel  3,  while  channel  1  was  left  as  a  reference  surface 
with  no  ligand  treatment.  Non-cross-linked  ligands  were  removed  and  remaining  reactive 
sites  were  blocked  with  ethanolamine-HCl.  Immobilized  EGF  contributed  a  signal  of 


21 1.7  RU  and  TGF?  contributed  171  RU. 


Purified  sErbBl  proteins  at  a  series  of  concentrations  were  flowed  over  the 
control,  EGF  and  TGF?  surfaces  at  5  ?l/min  for  10  min  (which  was  sufficient  time  for 
the  binding  to  reach  a  plateau)  and  the  surfaces  were  washed  with  buffer  between 
injections  to  bring  RU  values  approximately  to  baseline.  Each  experiment  was 
performed  at  least  in  triplicate.  The  RU  signal  corresponding  to  the  height  of  the  plateau 
was  corrected  for  background  effects  by  subtracting  the  signal  from  the  protein  flowed 
over  the  control  surface.  RU  values  were  plotted  against  sErbBl  concentrations  in  the 
Origin  software  package  (OriginLab  Corporation,  Northampton,  MA),  and  dissociation 
constants  (KD)  and  maximal  binding  values  for  sErbBl  proteins  binding  to  EGF  and 
TGF?  surfaces  were  estimated  by  fitting  plots  to  a  simple  binding  equation: 

R  =  [  (Rmax  *  C)  /  (Kd  +  C)  ]  +  Z 

R  is  the  measured  net  RU  at  the  height  of  the  plateau,  Rmax  is  the  calculated  maximal 
binding  value  for  each  surface,  C  is  the  concentration  of  ectodomain  and  Z  is  a  simple 
baseline  correction  factor. 

Analytical  ultracentrifugation  studies.  Ligand-induced  dimerization  of  the 
sErbBl  variants  was  analyzed  by  sedimentation  equilibrium  experiments  using  an  XL-A 
analytical  ultracentrifuge  (Beckman,  Fullerton,  CA).  Samples  of  approximately  7.5  ?M 
wild-type  and  mutant  sErbBl  proteins  were  studied  in  the  presence  and  absence  of  a  1 .2- 
fold  molar  excess  of  EGF.  All  experiments  were  performed  in  Buffer  B,  which  was  also 
used  as  a  reference.  Samples  were  loaded  in  six-channel  charcoal-Epon  cells  with  quartz 
windows  at  both  ends.  Radial  scans  were  performed  at  20?C  at  6000,  9000  and  12000 
rpm  with  detection  over  a  wavelength  range  of  236  -  285  nm.  The  partial  specific 
volume  of  the  sErbBl  proteins  was  assumed  to  be  0.71  ml/g  (based  on  the  amino  acid 


composition  and  assumption  of  approximately  20%  carbohydrate)  and  the  solvent  density 
was  assumed  to  be  1 .003  g/ml  (1 1).  Data  were  analyzed  by  fitting  to  a  model  of  a  single, 
non-ideal  species  in  Origin,  which  allows  one  to  calculate  the  weight-averaged  molecular 
mass  of  the  species  in  the  cell.  The  molecular  mass  of  the  samples  with  EGF  added  were 
compared  to  those  without  ligand,  to  determine  if  binding  of  growth  factor  induces 
homodimerization.  The  model  for  a  single,  non-ideal  species  is  fit  with  the  following 
formula: 

Ar  =  exp[ln(A0)  +  H*M*(X2  -  X02)  -  B*M*(Ar-A0)]  +  E 
Ar  is  the  absorbance  at  radial  position  x,  A0  is  the  absorbance  at  the  reference  radius  (X0), 
M  is  the  molecular  weight,  B  is  a  measure  of  nonideality  and  E  is  a  baseline  effect. 

H  is  a  constant  (based  on  centrifugation  theory)  defined  as: 

[  (1  -  Vbarprotein  *  ? solvent)  *  ?  2  ]  /  2*R*T 

VbarProtein  is  the  partial  specific  volume  of  the  protein,  ?  solvent  is  the  density  of  the  solvent, 
?  is  the  angular  velocity  of  the  rotor,  R  is  the  gas  constant  and  T  is  the  temperature. 

RESULTS 

Development  of  the  model  of  ligand-induced  ErbBl  homodimerization 

Two  structures  of  ligand-bound  sErbBl  homodimers  were  reported  in  2002.  In 
one  report,  the  sErbBl  protein  was  truncated  such  that  most  of  domain  IV  was  removed, 
and  the  bound  growth  factor  was  transforming  growth  factor  alpha  (TGF?  )  (13).  In  the 
other,  the  full-length  ErbBl  ectodomain  bound  to  epidermal  growth  factor  (EGF)  was 
used,  but  most  of  domain  IV  was  disordered.  Both  structures  revealed  essentially  the 


same  overall  structural  architecture.  Unlike  structures  seen  for  other  growth  factor  and 
cytokine  receptors,  each  sErbBl  molecule  binds  directly  to  only  one  ligand  molecule. 

The  receptor  homodimerization  surface  lies  on  nearly  the  opposite  face  from  the  ligand¬ 
binding  region,  and  dimerization  is  mediated  solely  by  receptor-receptor  contacts.  The 
dimerization  interface  is  dominated  by  a  long  loop  in  domain  11  of  one  molecule  making 
contacts  to  the  corresponding  loop  of  the  other  molecule  in  the  dimer,  and  vice  versa. 
Interestingly,  this  so-called  “dimerization  arm"  is  precisely  the  same  loop  that  forms  the 
intramolecular  tether  in  ErbB3  (6).  The  sErbB  1  homodimer  is  shown  in  Figures  4-1  and 
4-4. 

The  current  model  of  ligand-induced  sErbBl  homodimerization  was  fully  realized 
after  the  structure  of  the  unactivated  ErbBl  ectodomain  was  solved  (10)  (Figure  4-1). 

This  structure  revealed  that  in  the  quiescent  state  (reached  by  low  pH  in  this  case),  the 
ErbB  1  ectodomain  adopts  a  conformation  similar  to  that  seen  in  the  structure  of  s-ErbB3, 
i.e.,  the  receptor  is  held  in  a  tethered  conformation  maintained  by  interactions  between 
the  dimerization  arm  loop  of  domain  11  and  residues  near  the  C-terminus  of  domain  IV. 
In  addition,  the  bound  EGF  in  the  unactivated  receptor  makes  contacts  only  to  domain  I 
of  the  receptor,  whereas  the  homodimer  structures  reveal  the  ligands  bound  to  both 
domains  I  and  III.  In  order  to  model  the  transition  from  the  tethered  state  to  the 
conformations  seen  in  the  dimer  structures,  domains  I  and  II  (treated  as  a  single,  rigid 
body)  must  undergo  a  large  rotation  and  translation  about  an  axis  defined  by  the 
boundary  between  domains  II  and  III  (10).  These  conformational  changes  serve  two 
purposes  -  to  “break”  the  intramolecular  tether,  exposing  the  dimerization  arm,  and  to 
dock  the  bound  EGF  into  the  same  sites  as  in  the  dimer. 
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monomer 
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FIGURE  4-1 


Model  of  ligand-induced  ErbBl  homodimerization 


This  figure  depicts  the  structural  rearrangements  involved  in  the  transition  from 
the  tethered,  autoinhibited  conformation  (left)  to  the  extended  form  stabilized  by  ligand¬ 
binding  and  homodimerization  (right).  The  top  panel  presents  the  structures  in  ribbon 
diagrams  and  the  bottom  in  cartoon  format.  The  structure  of  domain  IV  in  the  dimeric 
conformation  is  not  known,  but  was  modeled  into  the  figure  based  on  the  structure  of  the 
autoinhibited  molecule  (10).  The  gray  bar  identifies  the  proposed  position  of  the  plasma 
membrane.  Disruption  of  the  intramolecular  tether  extends  the  molecule,  bringing 
domains  I  and  III  in  close  proximity  to  allow  for  high  affinity  binding  of  EGF.  Extension 
of  the  ectodomain  also  exposes  the  domain  II  dimerization  arm  to  solvent,  allowing  for 
intermolecular  interactions  with  the  equivalent  loop  of  another  molecule  to  stabilize  the 
homodimer.  Figure  adapted  from  (4). 


We  generated  a  model  for  the  activation  of  ErbBl  by  its  ligands  as  follows:  The 
protein  exists  in  an  equilibrium  between  the  tethered  and  extended  conformations  seen  in 
the  crystal  structures.  In  the  absence  of  ligand,  the  intramolecular  tether  dominates  and 
the  ectodomain  is  largely  maintained  in  the  autoinhibited  conformation,  unable  to  make 
the  necessary  receptor-receptor  contacts  through  the  dimerization  arm  to  stabilize  a 
homodimer.  In  such  a  conformation,  domains  I  and  III  are  too  far  apart  for  growth 
factors  to  be  able  to  bind  both  domains  simultaneously.  The  affinity  for  ligand  is 
therefore  low.  In  the  extended  conformation,  these  domains  are  brought  closer  together, 
so  ligand  molecules  will  be  able  to  contact  both  surfaces  and  thus  bind  with  higher 
affinities.  Ligand-binding  to  the  extended  form  should  stabilize  the  dimerization- 
competent  conformation  and  therefore  drive  the  equilibrium  towards  homodimerization 
and  activation  of  the  receptors  (a  schematic  of  this  model  is  presented  in  Figure  4-1). 

In  order  to  test  this  model,  and  to  obtain  an  estimate  of  the  tether  strength,  we 
generated  a  series  of  mutants  based  on  the  structure  to  disrupt  the  intramolecular  tether. 
Namely,  we  mutated  all  of  the  polar/charged  residues  in  domain  IV  seen  to  be  involved  in 
hydrogen  bonding  to  the  dimerization  arm  to  alanine  (D563A/H566A/  K585A)  in  order 
to  disrupt  these  interactions.  We  predicted  that  these  mutations  would  shift  the 
equilibrium  between  the  tethered  and  extended  conformations  towards  the  extended  form, 
resulting  in  an  increase  in  the  measured  affinity  for  EGF.  As  shown  in  Figure  4-2, 
surface  plasmon  resonance  measurements  of  EGF-binding  by  these  mutants  (using  the 
Biacore  instrument)  revealed  that  disruption  of  the  tether  indeed  increased  affinity  for 
EGF  about  3-fold,  from  approximately  130  nM  (for  the  wild-type  protein)  to 
approximately  50  nM  (for  the  mutant  containing  all  three  mutations  -  dubbed  the  “triple 
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FIGURE  4-2 


Affinity  for  EGF  is  enhanced  through  mutagenic  disruption  of 
intramolecular  domain  II  -  IV  interactions 


Variants  of  the  soluble  ErbBl  ectodomain  were  generated  containing  mutations  of 
K585A,  D563A/H566A,  or  all  three  simultaneously  (triple  mutant).  The  binding  affinity 
for  EGF  was  measured  for  each  of  these  mutants,  along  with  the  wild-type  protein,  using 
surface  plasmon  resonance  experiments  on  a  Biacore  instrument.  Affinities  were 
enhanced  up  to  approximately  3-fold  by  the  mutations,  with  wild-type  protein  binding 
with  a  Kd  of  approximately  130  nM  and  the  triple  mutant  gave  a  Kd  of  approximately  51 
nM.  Figure  reproduced  from  (10). 


mutant”)  (10).  This  is  similar  to  the  increase  in  ligand-binding  seen  when  domain  IV  was 
deleted  in  its  entirety  (9). 

Structure-based  mutants  of  the  homodimer  interface 

The  model  of  ligand-induced  ErbBl  activation  shown  in  Figure  4-1  provides  a 
description  of  the  gross  conformational  changes  that  occur  during  the  stabilization  of  the 
receptor  ectodomain  in  the  homodimeric  conformation.  However,  the  simple  rotational 
and  translational  movements  are  not  sufficient  to  fully  describe  the  process.  Indeed,  that 
ligand-binding  does  more  than  simply  extend  the  protein  to  expose  the  dimerization  arm 
is  shown  by  the  fact  that  a  truncated  form  of  sErbBl  that  lacks  domain  IV  still  requires 
EGF-binding  in  order  to  dimerize  (9,13).  Moreover,  EGF  is  required  for  our  tether- 
mutant  to  dimerize  in  vitro  (not  shown),  and  the  tether  mutations  do  not  promote 
constitutive  activation  in  the  context  of  the  full-length  receptor  in  living  cells.  As  shown 
in  Figure  4-3,  which  overlays  domain  11  structures  from  the  monomeric  (red)  and  dimeric 
(green  and  cyan)  structures,  there  are  additional  conformational  alterations  spread  over 
multiple  regions  in  domain  II  when  ligand  binds  and  promotes  dimerization  (10). 

Finally,  a  number  of  inter-receptor  contact  points  outside  those  in  the  dimerization  arm 
were  seen  or  inferred  (10,13),  as  shown  in  Figure  4-4.  We  therefore  generated  sErbBl 
mutants  with  alterations  at  these  positions,  to  investigate  the  roles  of  these  interaction 
sites  in  sErbBl  dimerization. 

Two  of  the  mutants  generated  were  described  in  the  structural  studies  of  the 
ErbBl  homodimer,  and  were  found  experimentally  in  previous  reports  to  disrupt  EGF- 
induced  ErbBl  homodimerization  and  activation.  One  mutant,  described  by  Ogiso,  et  al. 


FIGURE  4-3 


Ligand-induced  homodimerization  results  in  conformational  changes  in  domain  II 


Domain  II  from  the  three  structures  of  the  ErbBl  ectodomain  are  presented  in 
worm  representation.  The  trace  in  green  is  derived  from  the  structure  of  the  full-iength 
protein  in  complex  with  EGF  (24),  the  blue  trace  from  the  truncated  ectodomain  bound  to 
TGF?  (13)  and  the  red  trace  from  the  autoinhibited,  intramolecularly  tethered  protein 
(10).  The  dimerization  arms  from  each  structure  are  aligned  as  a  point  of  reference. 


FIGURE  4-4 


Regions  mutated  in  the  ErbBl  ectodomain 

The  predicted  full-length  ErbBl  ectodomain  homodimer  is  presented  in  ribbon 
diagram.  The  general  regions  mutated  in  this  study  are  identified  as  follows:  position  A 
is  Gin194,  which  we  mutated  to  Ala.  B  highlights  the  domain  II  “dimerization  arm” 
mutated  in  Y251A/R285S  and  the  domain  II  hexa-mutant.  C  is  the  loop  containing 
Asp279  and  His280,  both  of  which  were  mutated  to  Ala  simultaneously.  D  contains  the 
Cljvd  loop,  a  second  putative  dimerization  arm  that  we  deleted  in  its  entirety.  Figure 
adapted  from  (4). 


(24),  has  a  single  point  mutation  in  the  dimerization  arm  (Y251  A)  as  well  as  a  point 
mutation  near  the  C-terminal  end  of  domain  II  (R285S),  both  of  which  contribute  to 
removing  four  inter-receptor  hydrogen  bonds  involved  in  stabilizing  the  homodimer.  We 
unfortunately  do  not  have  reliable  data  on  this  mutant  as  we  were  unable  to  purify  the 
protein  in  sufficiently  for  accurate  biophysical  measurements.  The  other  variant, 
described  by  Garrett  and  colleagues  (13),  has  6  point  mutations  in  the  dimerization  arm 
as  follows:  Y246D,  N247A,  T249D,  Y251E,  Q252A  and  M253D  (herein  referred  to  as 
the  domain  II  hexa-mutant).  It  should  be  noted  that  our  protein  has  Tyr246  mutated  to  Glu 
rather  than  Asp.  The  regions  mutated  in  these  proteins  are  indicated  as  region  “B”  in 
Figure  4-4. 

Three  other  mutants  were  generated  based  on  other  regions  seen  in  the  structures 
to  contribute  to  the  dimer  interface.  Two  of  these  mutants  were  based  on  contacts  sites 
identified  by  Garrett,  et  al.,  consisting  of  residues  that  participate  in  hydrogen  bond 
formation  between  the  two  molecules  of  the  receptor  homodimer  (13).  We  generated  one 
protein  with  a  single  point  mutation  at  the  N-terminus  of  domain  II  (Q194A)  (Figure  4-4 
A)  and  another  with  a  pair  of  mutations  in  domain  II  C-terminal  to  the  dimerization  arm 
(D279A/H280A)  (Figure  4-4  C)  in  order  to  disrupt  these  salt  bridges.  The  other  mutant 
contains  a  deletion  in  domain  IV  and  is  based  on  the  model  of  the  full-length  ErbBl 
ectodomain  homodimer  generated  by  Ferguson  and  colleagues  (10).  Neither  of  the 
structures  of  the  activated  receptor  provides  detail  about  domain  IV,  as  the  domain  was 
disordered  in  the  structure  of  the  full-length  protein  (24),  and  most  of  the  domain  was 
deleted  in  protein  crystallized  for  the  other  structure  (13).  However,  a  model  of  the 
homodimer  with  domain  IV  (derived  from  the  autoinhibited  structure)  added  indicates 


that  a  loop  of  10  residues  (from  Val575  through  Trp584)  may  also  make  contacts  across  the 
dimer  (10).  In  addition,  peptide  mimetics  of  the  C-terminal  portion  of  domain  IV  have 
been  demonstrated  to  block  ErbB  receptor  dimerization  (3),  and  recent  unpublished  work 
reveals  that  the  structure  of  domain  IV  in  full-length  sErbBl  does,  in  fact,  resemble  the 
model  depicted  in  Figures  4-1  and  4-4  (4).  We  deleted  this  loop  to  look  for  effects 
mediated  by  this  second  putative  dimerization  arm  (this  protein  will  be  referred  to  as  the 
“?Clrvd”  mutant,  based  on  the  nomenclature  in  (10))  (Figure  4-4  D). 

Ligand-binding  studies  of  the  sErbBl  mutants 

The  model  of  ligand-induced  homodimerization  postulates  that  the  extended, 
dimerization-competent  conformation  of  the  ectodomain  will  have  a  higher  affinity  for 
growth  factors  than  the  tethered,  autoinhibited  conformation.  We  therefore  predicted  that 
disruption  of  any  region  involved  in  stabilizing  the  homodimer  would  translate  into  a 
reduction  in  ligand-binding  affinity.  We  purified  recombinant  wild-type  and  mutant 
sErbBl  proteins,  then  measured  their  affinity  (by  surface  plasmon  resonance)  for  both 
EGF  and  TGF?  immobilized  on  Biacore  CM5  chips. 

Various  concentrations  of  ectodomains  (ranging  from  approximately  6  ?M  to  6 
nM)  were  flowed  over  the  growth  factor  and  control  surfaces,  resulting  in  a  series  of 
“sensorgrams”  for  each  receptor  binding  to  each  ligand.  Representative  data  for  each 
protein  binding  to  EGF  and  TGF?  are  presented  in  Figure  4-5.  Binding  curves  for  the 
various  proteins  were  generated  (Figure  4-6)  and  affinities  for  both  EGF  and  TGF?  were 
calculated  using  a  simple  binding  equation  (presented  in  Table  4-1). 

The  measurements  of  binding  affinity  by  the  wild-type  protein  served  as  an 
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FIGURE  4-5 


Surface  plasmon  resonance  analysis  of  ligand-binding  by  mutants 


EGF  and  TGF?  binding  by  wild-type  and  mutant  sErbBl  proteins  were  measured 
by  SPR  experiments  on  a  Biacore  3000  instrument  as  described  in  “Experimental 
Procedures.”  Representative  sensorgrams  are  presented  for  each  protein  binding  to  the 
EGF  surface  as  follows:  (A)  wild-type,  (B)  Q194A,  (C)  ?  Clivd,  (D)  domain  II  hexa- 
mutant  and  (E)  D279A/H280A.  The  concentration  of  sErbBl  flowed  over  the  surface  is 
depicted  by  color,  as  follows:  Black:  6000  nM,  red:  3000  ?M,  yellow:  1500  nM,  orange: 
750  nM,  green:  375  nM,  blue:  187.5  nM,  purple:  93.75  nM,  cyan:  46.88  nM,  brown: 

23.44  nM,  lime:  1 1.72  nM  and  pink:  5.86  nM. 


FIGURE  4-6 


Binding  curves  for  immobilized  EGF  and  TGF? 


SPR  measurements  of  wild-type  and  mutant  sErbBl  proteins  binding  to  EGF  (A) 
and  TGF?  (B)  immobilized  on  Biacore  CM5  chips  were  analyzed  to  generate  binding 
curves  as  described  in  “Experimental  Procedures.”  Data  presented  represent  mean  values 
for  each  concentration  (from  at  least  three  independent  experiments)  and  error  bars  are 
standard  deviations.  The  curves  are  color-coded  for  identification  of  the  sErbBl  variants 
as  follows:  yellow:  ?Clivd,  black:  wild-type,  red:  Q194A,  blue:  domain  II  hexa-mutant, 
green:  D279A/H280A. 


EGF 

(nM) 

TGF? 

(nM) 

Wild-Type 

175  +/-  6 

356  +/-17 

Q194A 

162  +/-  5 

306  +/-  20 

Dom.  II  Hexa-Mutant 

270  +/-  14 

357  +/-  53 

D279A/H280A 

603  +/-  22 

871  +/-  62 

CliVd 

77  +/- 12 

109  +/-  7 

TABLE  4-1 


Calculated  affinities  for  EGF  and  TGF? 


Kd  values  for  growth  factor-binding  by  wild-type  and  mutant  ErbBl  ectodomains 
were  calculated  based  on  SPR  experiments.  Means  from  at  least  three  independent 
experiments  are  presented  (in  units  of  nanomolar  (nM))  along  with  standard  deviations. 


internal  control  and  were  found  to  be  consistent  with  previous  studies  from  our  lab 
(10,1 1)  (and  unpublished  data).  We  find  no  difference  in  TGF?  binding  by  the  domain  II 
hexa-mutant,  and  only  a  weak  reduction  in  affinity  for  EGF.  This  data  is  in  contrast  to 
published  results  demonstrating  a  15-fold  reduction  in  affinity  for  EGF  by  the  same  set  of 
mutations,  albeit  in  the  context  of  a  truncated  protein  lacking  most  of  domain  IV  (13). 

The  Q1 94A  mutation  also  seems  to  have  no  great  effect  on  binding  either  growth  factor, 
although  statistically  our  measurements  indicate  a  slight  enhancement  of  ligand-binding. 
In  contrast,  the  D279A/H280A  and  ?  Cl  rvd  mutants  demonstrate  more  striking  ligand¬ 
binding  affinities.  The  D279A/H280A  mutant  binds  both  EGF  and  TGF?  about  3-fold 
more  weakly  than  the  wild-type  protein,  whereas  the  ?Clivd  mutant  has  an  approximately 

3- fold  stronger  affinity  for  ligands. 

SPR  experiments  not  only  allow  for  calculation  of  equilibrium  binding  constants, 
but  also  provide  information  on  the  kinetics  of  the  interactions  between  the  ectodomains 
and  the  ligands  (27).  Again,  we  find  that  the  Q1 94A  mutant  (Figure  4-5  B)  appears  to 
behave  similarly  to  the  wild-type  protein  (Figure  4-5  A),  whereas  the  other  mutants  all 
demonstrate  altered  kinetics.  The  ?  Clivd  (Figure  4-5  C),  domain  II  hexa-mutant  (Figure 

4- 5  D)  and  the  D279A/H280A  (Figure  4-5  E)  mutants  all  have  increased  association  rates 
with  the  ligands,  as  revealed  by  the  reduced  time  required  to  reach  the  equilibrium 
plateau.  In  contrast,  the  domain  II  hexa-mutant  and  the  D279A/H280A  mutants  both 
demonstrate  more  rapid  dissociation  rates,  whereas  the  ?  Clivd  mutant  has  a  slower  off 
rate.  The  implications  of  these  altered  kinetics  are  considered  in  the  “Discussion” 
section. 


sErbBl  homodimerization 


We  predicted  that  some  of  the  mutations  in  structurally-identified 
homodimerization  interfaces  should  destabilize  ligand-induced  receptor  dimers.  We 
therefore  assessed  the  ability  of  the  wild-type  and  mutant  sErbBl  proteins  to 
homodimerize  in  the  presence  of  EGF  using  sedimentation  equilibrium  (SE)  experiments 
in  an  analytical  ultracentrifuge.  We  analyzed  each  ectodomain  variant  in  the  presence 
and  absence  of  EGF  as  described  in  “Experimental  Procedures.”  Analytical 
ultracentrifugation  data  are  presented  for  each  protein  in  the  presence  and  absence  of  1.2- 
fold  molar  excess  EGF  (Figure  4-7)  and  is  summarized  in  Table  4-2.  The  data  in  Figure 
4-7  are  presented  as  plots  of  the  natural  logarithm  of  the  absorbance  at  278  nm  (a 
measure  of  protein  concentration)  versus  one-half  the  difference  of  the  square  of  the 
radial  position  (r2)  and  the  square  of  the  distance  to  the  meniscus  (r02)  from  experiments 
performed  at  centrifugal  speeds  of  9000  rpm.  The  slopes  of  these  lines  are  proportional 
to  weight-averaged  molecular  mass,  and  can  therefore  serve  to  indicate  whether 
homodimerization  occurs. 

We  found  that  the  wild-type,  Q1 94A  and  ?Clivd  proteins  all  homodimerize 
similarly.  As  presented  in  the  literature,  the  domain  11  hexa-mutant  fails  to  increase  in 
size  in  the  presence  of  ligand,  demonstrating  that  this  mutant  does  indeed  remain 
monomeric,  even  when  bound  to  growth  factor.  Finally,  the  D279A/H280A  mutant 
appears  to  homodimerize  weakly  in  the  presence  of  EGF.  We  have  therefore  generated  a 
set  of  mutants  that  not  only  demonstrates  a  range  of  ligand-binding  affinities,  but  also  in 
the  ability  to  undergo  growth-factor-induced  homodimerization.  By  fitting  to  a  simple 
dimerization  model,  we  are  able  to  calculate  relative  Kds  of  homodimerization  (presented 
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FIGURE  4-7 


Analysis  of  oligomeric  state  of  sErbBl  derivatives  by 
sedimentation  equilibrium  experiments 


The  ability  to  homodimerize  upon  ligand-binding  was  examined  by  sedimentation 
equilibrium.  Experiments  were  performed  on  approximately  7.5  ?M  protein  both  in  the 
presence  (filled  squares)  and  absence  of  EGF  (open  squares).  The  slope  of  each  line  is 
proportional  to  the  molecular  mass  of  the  complex,  as  discussed  in  the  text.  Wild-type 
(A),  Q194A  (B)  and  ?Clivd  (C)  all  demonstrate  complete  ligand-induced 
homodimerization.  The  domain  II  hexa-mutant  (D)  remains  completely  monomeric  even 
when  bound  to  EGF,  and  the  D279A/H280A  mutant  (E)  homodimerizes  only  weakly. 


KD 


HOMODIMERIZATION 

(?M) 

Wild-Type 

COMPLETE 

2.7 

Q194A 

COMPLETE 

2.9 

?  Clivd 

COMPLETE 

2.3 

Dom.  II  Hexa-Mutant 

ABSENT 

Not  Calculated 

D279A/H280A 

VERY  WEAK 

13.7 

TABLE  4-2 


Summary  of  data  from  sedimentation  equilibrium  experiments 

Data  presented  in  Figure  4-6  was  analyzed  to  determine  the  oligomeric  state  of 
each  sErbBl  variant  with  and  without  added  EGF  as  well  as  the  Kd  for  dimerization.  The 
wild-type,  Q194A  and  ?  Cliva  all  demonstrated  full  ligand-induced  homodimerization 
with  similar  dissociation  constants.  The  D279A/H280A  mutant  displays  an  intermediate 
phenotype  with  a  drastically  reduced  ability  to  homodimerize  in  response  to  ligand¬ 
binding,  whereas  the  domain  II  hexa-mutant  remains  completely  monomeric,  even  in  the 
presence  of  excess  growth  factor. 


in  Table  4-2).  wild-type:  2.7  ?M,  Q194A:  2.9  ?M,  D279A/H280A:  13.7  ?M,  diva:  2.3 
?M.  We  could  not  fit  the  data  for  the  domain  II  hexa-mutant  as  it  does  not  dimerize. 

DISCUSSION 

Our  understanding  of  the  mechanisms  of  activation  of  the  ErbB  receptor  family 
changed  dramatically  in  the  last  few  years  due  to  the  plethora  of  structural  studies 
published  recently.  These  studies  reveal  an  unprecedented  mode  of  ligand-induced 
receptor- mediated  dimerization  and  suggest  a  compelling  model  for  the  activation  of  the 
ErbBl  RTK.  However,  it  is  clear  that  there  are  still  numerous  details  missing  from  the 
model,  largely  due  to  the  fact  that  the  crystal  structures  present  static  views  of  the 
proteins. 

We  have  generated  a  number  of  mutants  of  the  soluble  ErbBl  ectodomain  based 
on  the  homodimerization  interfaces  identified  in  the  structural  studies.  We  have 
characterized  the  ligand-binding  of  these  proteins  as  well  as  their  ability  to  undergo 
growth  factor-induced  homodimerization  as  a  first  step  towards  generating  a  more 
complete  model  of  receptor  activation.  For  simplicity,  the  mutants  will  be  discussed  in 
order  of  their  location  in  the  protein,  starting  at  the  N-terminus. 

The  Q194A  mutant  exhibits  little  or  no  change  in  ligand-binding  affinity  and 
dimerizes  normally  in  the  presence  of  EGF,  indicating  that  this  region  likely  contributes 
little  (if  at  all)  to  stabilization  of  the  homodimer.  Indeed,  as  it  is  reported  that  the  total 
buried  surface  area  of  the  entire  region  encompassing  residues  193-195  and  204-205  is 
only  225  A2  (13),  it  is  not  surprising  that  this  mutation  caused  little  change  in 
dimerization.  The  hydrogen  bonding  interactions  between  Gin194  of  the  two  ErbBl 


ectodomains  were  only  seen  in  the  Garrett,  et  al.  structure,  but  not  in  that  of  Ogiso  and 
colleagues.  It  should  be  noted  that  our  data  indicate  a  very  weak,  although  statistically 
significant,  increase  in  affinity  for  both  ligands,  but  equivalent  dissociation  constant  for 
homodimerization  (see  Tables  4-1  and  4-2). 

The  domain  II  hexa-mutant  was  previously  reported  to  remain  monomeric  in  the 
presence  of  EGF  and  to  bind  the  growth  factor  with  an  approximately  15-fold  reduced 
affinity  (13).  The  data  from  our  SE  experiments  corroborate  the  findings  on  the 
oligomeric  state,  i.e.,  we  also  see  no  homodimerization  of  this  mutant  when  EGF  is 
added.  However,  our  SPR  studies  indicate  that  these  mutations  cause  little  or  no  effect 
on  the  equilibrium  binding  constant.  Indeed,  the  Kd  value  for  TGF?  -binding  for  both 
proteins  is  indistinguishable,  and  we  only  see  a  mild  reduction  in  affinity  for  the  domain 
II  hexa-mutant  for  EGF  as  compared  to  the  wild-type  protein. 

Interpretation  of  the  domain  II  hexa-mutant  data  is  complicated  by  the  fact  that 
the  mutation  made  will  almost  certainly  disrupt  formation  of  the  intramolecular  tether  as 
well  as  receptor-receptor  interactions  in  the  dimer.  Yet,  the  ligand-binding  affinity  is 
slightly  reduced  (rather  than  being  increased  by  3-  fold,  as  expected  for  a  tether  mutant). 
It  seems  reasonable  to  argue  that  the  4-6  fold  difference  in  binding  affinities  of  the 
domain  II  hexa-mutant  and  other  tether  mutants  reflects  the  energetic  contribution  of 
dimerization  to  ligand-binding.  Indeed,  dimerization  will  restrict  the  relative  position  of 
domains  I  and  III,  and  thus  modulate  EGF-binding  affinities  (and  vice  versa).  As  the 
domain  II  hexa-mutant  binds  growth  factors  with  similar  affinity  to  wild-type  protein,  we 
assume  that  this  protein  adopts  the  extended  conformation  upon  ligand-binding  (or  its 
affinity  is  greater  than  that  of  domain  III  alone).  This  model  therefore  implies  that  the 


ligand-stabilized  transition  from  the  tethered,  autoinhibited  conformation  to  the  extended 
form  occurs  irrespective  of  the  dimerization  state  of  the  receptor.  This  mutant  then 
appears  to  provide  the  first  known  measurement  of  the  affinity  for  full-length  monomeric 
sErbBl  to  EGF  (and  TGF?  )  as  all  previous  studies  have  been  performed  with  full-length, 
wild-type  (dimerization  competent)  protein  or  with  truncated  variants.  This  should  prove 
to  be  very  useful  to  the  field,  especially  for  developing  sophisticated  mathematical 
models  of  receptor  signaling  in  cells. 

Our  data  argue  that  the  processes  of  ligand-binding  and  homodimerization  are 
energetically  coupled.  The  kinetics  of  binding  exhibited  by  the  domain  II  hexa-mutant 
also  support  this  scenario,  as  the  rapid  association  rate  for  ligand  indicates  that  this 
protein,  like  the  triple  mutant,  is  primed  to  bind  ligand,  i.e.,  that  the  intramolecular  tether 
is  likely  to  be  constitutively  weakened.  The  very  rapid  off  rate  is  consistent  with  the 
failure  of  this  protein  to  dimerize. 

We  are  unable  to  comment  on  the  effects  of  the  Y251 A/R285S  mutant,  due  to 
insufficient  quantities  of  purified  protein  with  which  to  perform  our  studies.  Preliminary 
test  expression  studies  of  this  protein  revealed  that  it  should  be  expressed  at  similar,  if  not 
higher,  levels  than  other  mutants.  In  addition,  Ogiso  and  colleagues  were  able  to 
successfully  express  the  full-length  ErbBl  receptor  containing  these  same  mutations, 
indicating  that  they  do  not  result  in  drastic  destabilization  of  the  protein  (24).  It  is 
therefore  expected  that  our  results  were  due  to  poor  purification  conditions  and  not 
inherent  problems  with  the  mutant.  It  would  be  of  great  interest  to  compare  the 
biophysical  characteristics  of  this  mutant  with  the  domain  II  hexa-mutant  as  both  are 
reported  to  inhibit  homodimerization,  even  though  the  set  of  mutations  is  largely  distinct. 


This  is  especially  important  given  that  the  mutant  described  by  Ogiso  and  colleagues  has 
Tyr246  intact,  so  it  may  maintain  the  intramolecular  tether  more  tightly  than  the  domain  II 
hexa-mutant,  which  could  help  resolve  our  interpretation  of  the  data.  Comparison  of  the 
Y251 A/R285S  mutant  with  the  domain  II  hexa-mutant  would  therefore  help  parse  out  the 
effects  of  dimerization  from  those  involved  in  disruption  of  the  intramolecular  tether  on 
stabilization  of  ligand-binding. 

The  results  from  the  D279A/H280A  mutant  are  interesting.  The  Biacore  studies 
on  this  protein  revealed  significant  reductions  in  affinity  for  both  EGF  and  TGF? 
(approximately  2.5  -  3.5-fold),  generating  affinities  similar  to  those  measured  for  ligand¬ 
binding  by  domain  III  alone  (19).  This  would  be  consistent  with  the  idea  that  mutating 
these  two  residues  results  in  a  reduced  ability  to  productively  bring  domain  I  close 
enough  to  domain  III  to  allow  bound  growth  factors  to  make  contacts  to  both  domains 
simultaneously.  Ligand  would  then  be  expected  to  bind  only  domain  III.  The  kinetics  of 
the  interaction  between  the  mutant  and  ligands  are  also  interesting.  While  the 
equilibrium  binding  of  this  mutated  protein  to  growth  factors  is  weaker  than  that  of  the 
wild-type  ectodomain,  the  mutant  actually  appears  to  associate  and  dissociate  from  ligand 
more  rapidly.  SE  experiments  indicate  that  this  protein,  when  bound  to  EGF, 
homodimerizes  only  very  weakly.  We  propose,  therefore,  that  the  D279A/H280A 
mutations  interfere  with  the  normal  conformational  changes  (likely  those  in  domain  II) 
that  occur  upon  the  rearrangement  from  the  tethered  to  the  extended  conformation.  It  is 
likely  that  these  mutations  restrict  the  number  of  conformationals  available  to  the  protein, 
but  at  least  one  of  them  is  suitable  for  binding  ligand,  resulting  in  an  increased  “on”  rate. 
However,  as  this  mode  of  binding  must  not  be  the  same  conformation  associated  with 


stabilization  of  the  homodimer,  the  protein  does  not  gain  the  enhancement  in  ligand¬ 
binding  from  dimerization-induced  stabilization,  resulting  in  the  rapid  “off”  rate  also 
detected. 

Recent  studies  with  anti-ErbBl  antibodies  also  support  our  interpretation  of  the 
data  on  the  D279A/H280A  mutant.  Monoclonal  antibody  (mAb)  806  was  raised  against 
a  truncated  mutant  of  ErbBl  lacking  the  N-terminal  267  residues  (known  as  de2-7  or 
EGFRvIll)  and  has  been  demonstrated  to  bind  readily  to  cells  expressing  the  de2-7 
mutant  or  the  recombinant  mutant  ectodomain  in  solution.  However,  it  only  binds  cells 
expressing  wild-type  ErbBl  when  overexpressed  and  to  wild-type  sErbBl  when 
denatured  or  immobilized  on  solid  surfaces.  (16,18,21).  This  indicates  that  the  epitope 
for  the  antibody  exists  in  both  the  de2-7  and  wild-type  receptors,  but  is  likely  to  be 
conformationally  sensitive.  The  epitope  is  now  known  to  occur  in  a  region  very  close  to 
His280  (A.  W.  Burgess,  personal  communication).  The  data  from  our  D279A/H280A 
mutant  combined  with  the  mAb  806  studies  indicate  that  interactions  in  this  region  of 
domain  II  are  critical  for  conformational  changes  that  occur  upon  ligand¬ 
binding/stabilization  of  the  extended  conformation  and  dimerization.  As  discussed 
earlier  in  this  chapter,  comparisons  of  the  unactivated  and  dimeric  structures  of  sErbBl 
revealed  numerous  such  changes  (Figure  4-3).  Further  studies  are  necessary  to  determine 
the  precise  contribution  of  this  region  to  the  overall  process  of  ligand-induced  receptor 
activation. 

The  Clivd  deletion  results  in  an  increase  of  affinity  for  growth  factors  similar  to 
that  seen  with  the  domain  IV  triple  mutant.  This  effect  was  unexpected  as  the  two  sets  of 
mutations  were  actually  designed  to  generate  opposite  outcomes  — the  ?Clrvd  mutant  was 


predicted  to  have  a  deletion  of  a  putative  second  dimerization  arm  which  should  therefore 
destabilize  the  extended,  dimerization-competent  conformation,  resulting  in  a  decreased 
affinity  for  growth  factors.  The  mutations  in  the  triple  mutant  were  targeted  to  relieve 
autoinhibition  and  drive  the  equilibrium  towards  the  higher  affinity,  extended 
conformation.  SE  experiments  also  indicate  that  the  ?Clivd  mutant  homodimerizes  as 
efficiently  as  the  wild-type  protein  (Table  4-2).  Our  results  therefore  indicate  that 
deletion  of  the  Clivd  loop  result  in  a  similar  disruption  of  the  intramolecular  tether  as  the 
triple  mutant,  thereby  driving  the  population  towards  the  higher-affinity  state.  The 
ligand-interaction  kinetics  also  support  this  notion,  as  the  protein  seems  to  associate  more 
rapidly  with  growth  factors  than  the  wild-type  protein,  yet  has  a  much  slower  dissociation 
rate,  consistent  with  efficient  homodimerization.  We  suggest  that  these  results  reflect 
disruption  of  the  intramolecular  tether  (which  removes  an  energetic  barrier  to  extension 
into  the  ligand-binding  conformation(s),  increasing  the  “on”  rate)  and  the  retention  of  this 
mutant’s  ability  to  homodimerize  (which  stabilizes  the  extended,  ligand-bound  form, 
thereby  decreasing  the  “off’  rate  of  the  ligand).  We  do  not  yet  know  the  precise 
mechanism  by  which  deletion  of  the  Clrvd  loop  results  in  these  responses.  Given  that  the 
Clrvd  loop  abuts  the  dimerization  arm  in  the  tethered  conformation,  it  is  likely  that  this 
loop  helps  to  stabilize  the  intramolecular  interactions,  and  thus  its  deletion  is  likely  to 
weaken  the  autoinhibited  state  and  drive  the  protein  towards  the  extended  conformation. 
Alternatively,  deletion  of  this  loop  might  simply  disrupt  the  local  structure  of  this  region 
of  domain  IV,  resulting  in  a  misalignment  of  the  residues  and  side-chains  that  normally 
interact  with  the  domain  II  loop  to  complete  the  tether.  Importantly,  by  contrast  with  the 
suggestion  made  by  Schlessinger  (26),  as  well  as  our  own  model,  the  Clivd  loop  does  not 


appear  to  contribute  significantly  to  the  thermodynamics  of  receptor  dimerization,  despite 
being  related  closely  in  structure  to  the  dimerization  loop  in  domain  II.  It  is  interesting 
that  in  spite  of  this  finding,  Greene  and  colleagues  (3)  report  that  a  peptide  based  on  this 
region  can  inhibit  NRG-induced  sErbBl-sErbB3  heterodimerization  and  as  well  as  the 
biological  activity  of  full-length  ErbBl  in  cells  stimulated  with  EGF. 

The  determination  of  the  boundaries  for  the  deletion  in  the  Clivd  mutant  were 
derived  by  aligning  the  sequence  of  wild-type  sErbBl  with  the  extracellular  domain  of 
the  Drosophila  EGF  receptor  (DER)  (20).  As  can  be  seen  in  Figure  4-8,  this  entire  set  of 
residues  is  missing  from  domain  IV  of  the  insect  protein.  Interestingly,  unlike  the 
mammalian  protein,  DER  contains  five  extracellular  subdomains.  If  the  Clrvd  loop  is 
involved  in  maintaining  the  intramolecular  tether  in  the  mammalian  receptor,  this  would 
indicate  that  the  Drosophila  protein  does  not  behave  in  the  same  fashion.  It  is  currently 
unclear  what  purpose  the  fifth  subdomain  in  DER  serves,  but  it  is  tempting  to  propose 
that  this  domain  might  function  to  stabilize  an  autoinhibited,  intramolecularly  tethered 
conformation  in  lieu  of  that  seen  in  the  mammalian  system. 

The  results  presented  here  allow  us  to  more  accurately  describe  the  energetic 
contributions  of  various  regions  in  the  ErbBl  ectodomain  to  ligand-induced 
homodimerization.  We  are  currently  in  the  process  of  refining  these  data,  as  well  as 
examining  other  mutants.  Future  studies  employing  other  techniques  will  also  provide 
key  information  about  the  thermodynamics  of  ligand-binding  and  dimerization. 

One  concern  that  arises  from  the  crystallographic  studies  is  the  possibility  that  the 
tethered  form  of  the  receptor  is  simply  an  artifact  of  crystallization.  The  fact  that  a  very 
similar  configuration  is  seen  for  ErbB3  (6)  as  well  as  ErbBl  (10)  argues  against  this, 


human  KVCQGTSNKLTQLGTFEDHFLSLQRMFNNCEVVLGNLEITYV-QRNYDLSFLKTIQEVAG  63 

drosophila  KICIGTKSRLSVPSNKEHHYRNLRDRYTNCTYVDGNLKLTWLPNENLDLSFLDNIREVTG  129 

human  YVLIALNTVERIPLENLQIIRGNMYY - EN S YALAVLSN YDANKTGLKE  LPMRNLQE  118 

drosophila  YILISHVDVKKWFPKLQIIRGRTLFSLSVEEEKYALFVTYS - KMYTLEIP--DLRD  183 

human  ILHGAVRFSNNPALCNVESIQWRDIVSSDFLSNMSMDFQNHLGSCQKCDPSCPNGSCWGA  178 

drosophila  VLNGQVGFHNNYNLCHMRTIQWSEIVSNGTDAYYNYDFTAPERECPKCHESCTHG-CWGE  242 

human  GEENCQKLTKIICAQQCSG-RCRGKSPSDCCHNQCAAGCTGPRESDCLVCRKFRDEATCK  237 

drosophila  GPKNCQKFSKLTCSPQCAGGRCYGPKPRECCHLFCAGGCTGPTQKDCIACKNFFDEAVSK  302 

human  DTCPPLMLYNPTTYQMDVNPEGKYSFGATCVKKCPRNYWTDHGSCVRACGADSYEMEED  297 

drosophila  EECPPMRKYNPTTYVLETNPEGKYAYGATCVKECP-GHLLRDNGACVRSCPQD — KMDKG  360 

human  GVRKCKKCEGPCRKVCNGIGIGEFKDSLSINATNIKHFKNCTSISGDLHILPVAFRG -  354 

drosophila  G — ECVPCNGPCPKTCPGVTV - LH AGN I DS FRNCT VI DGN I RI LDQT FSGFQD  410 

human  — DSFTHTP - PLDPQELDILKTVKEITGFLLIQAWPENRTDLHAFENLEIIRGRTKQH  409 

drosophila  VYANYTMGPRYIPLDPERREVFSTVKEITGYLNIEGTHPQFRNLSYFRNLETIHGRQLME  470 

human  GQF-SLAWSLNITSLGLRSLKEISDGDVIISGNKNLCYANTINWKKLFGTSGQKTKIIS  468 

drosophila  SMFAALA1VKSSLYSLEMRNLKQISSGSWIQHNRDLCYVSNIRWPAIQKEPEQKVWVNE  530 

human  NRGENSCKATGQVCHALCSPEGCWGPEPRDCVSCRNVSRGRECVDKCNLLEGEPREFVEN  528 

drosophila  NLRADLCEKNGTICSDQCNEDGCWGAGTDQCLTCKNFNFNGTCIADCGYISNAYK — FDN  588 

human  SECIQCHPECLPQAMNITCTGRGPDNCIQCAHYIDGPHCVKTCPAGjiWGENNTLVWKYAD  588 

drosophila  RTCKICHPECR - TCNGAGADHCQECVHVRDGQHCVSECPKN---- - : - KYND  632 

human  AGHVCHLCHPNCTYGCTGP - GLEGCPT  614 

drosophila  RG-VCRECHATCD-GCTGPKDTIGIGACTT  670 


FIGURE  4-8 


Sequence  alignment  of  human  ErbBl  and  DER  ectodomains 

Presented  is  a  portion  of  the  sequence  alignment  of  the  human  ErbBl  and 
Drosophila  melanogaster  EGF  receptor  (DER)  extracellular  domains.  The  human 
protein  contains  a  10-residue  loop  (known  as  the  Clivd  loop)  that  is  missing  in  the  fly 
protein  (shaded),  but  is  predicted  to  be  important  both  in  helping  stabilize  the 
intramolecular  tether  in  the  autoinhibited  state  as  well  as  in  making  intermolecular 
contacts  across  the  ligand-induced  homodimer.  The  entire  loop,  from  residues  Val575  and 
V84,  was  deleted  in  our  Clrva  mutant. 


but  direct  experimental  determination  is  required.  Small  angle  X-ray  scattering  (SAXS) 
studies  would  also  useful  for  determining  the  extent  to  which  each  protein  exists  in  the 
tethered  versus  the  extended  conformations.  SPR  studies  of  the  domain  IV  triple  mutant 
suggest  that  80  -  97%  of  the  unliganded  wild-type  molecules  adopt  the  autoinhibited 
conformation  and  3  -  20%  the  extended  conformation  at  equilibrium  (10).  As  SAXS  can 
provide  information  on  the  shape  and  size  of  a  molecule  in  solution  (28),  this  technique 
can  be  used  to  examine  the  effect  of  different  mutations  on  driving  the  equilibrium 
between  the  tethered  and  extended  conformations  of  the  extracellular  domain.  This  is 
particularly  important  for  the  domain  11  hexa-mutant.  As  described  earlier  in  this  section, 
we  cannot  fully  assess  the  impact  of  the  six  point  mutations  in  the  dimerization  arm 
without  knowing  if  they  affect  intramolecular  tethering  as  well  as  homodimerization. 
Future  SAXS  studies  will  allow'  us  to  gauge  to  what  extent  the  mutant  adopts  the 
extended  structure  in  the  absence  of  ligand,  which  in  turn  will  help  us  determine  the 
energetic  coupling  of  ligand-binding  with  homodimerization. 

Further  studies  with  mAb  806  should  also  be  pursued  in  order  to  learn  more  about 
the  region  of  domain  II  C-terminal  to  the  dimerization  arm  (containing  Asp279  and  His280, 
along  with  the  epitope  for  this  antibody).  For  instance,  it  will  be  interesting  to  see  if  the 
D279A/H280A  mutant  displays  differential  binding  to  the  antibody  than  the  wild-type 
protein,  which  can  be  easily  determined  using  SPR  analysis.  The  effect  of  the  antibody 
on  ligand-binding  will  also  be  investigated.  In  addition,  these  mutations  could  be 
introduced  into  the  context  of  the  full-length  receptor,  allowing  for  insertion  in  the 
plasma  membrane  and  Scatchard  analysis  of  mAb  806  binding  to  cells  expressing  this 


mutant. 


Finally,  the  effect  of  the  ectodomain  mutations  on  ligand-induced  signaling 
should  be  examined  in  a  cellular  context.  Members  of  our  lab  are  currently  in  the  process 
of  introducing  the  mutations  into  vectors  encoding  for  the  full-length  receptor  for 
expression  in  the  Drosophila  S2  cells  (discussed  in  Chapter  III).  Expression  of  the 
mutated  full-length  receptors  in  the  null  background  of  the  S2  cells  will  provide  a  useful 
system  for  monitoring  alterations  in  cell-surface  ligand-binding  (by  Scatchard  analysis), 
as  well  as  in  ligand-induced  downstream  signaling  events. 

In  summary,  we  have  generated  a  set  of  structure-based  mutants  of  the  ErbBl 
ectodomain  that  have  allowed  for  a  more  detailed  understanding  of  the  mechanisms 
underlying  ligand-induced  receptor  homodimerization.  Our  analysis  indicates  that  while 
the  original  model  is  largely  correct,  there  are  additional  important,  structural 
rearrangements  in  domain  II  that  are  necessary  for  efficient  ligand-binding  and 
homodimerization.  Our  data  indicate  that  ligand-binding  is  largely  stabilized  by  two 
events  —  disruption  of  the  intramolecular  tether  (allowing  for  extension  of  the  entire 
molecule,  bringing  domains  I  and  III  in  close  proximity),  and  homodimerization  of  the 
receptor.  Earlier  studies  have  indicated  similar  findings  ((9,10,17)  for  example),  but  our 
studies  highlight  new  regions,  such  as  the  loop  containing  Asp279  and  His280.  Our  studies 
also  suggest  that  recent  studies  implicating  domain  IV  as  a  major  interface  for  mediating 
homodimerization  (3),  may  be  incorrect.  However,  it  is  clear  that  there  is  much  work  yet 
to  be  accomplished  before  we  have  a  complete  model  of  activation  precisely  detailing  the 
energetic  barriers  and  contributors  to  ligand-binding  and  dimerization. 

The  recent  explosion  of  structural  information  on  the  ErbB  receptors  has  made 
this  a  very  exciting  time  for  the  field.  The  development  of  a  model  for  the  ligand- 


induced  activation  of  the  receptors  increases  the  promise  of  the  smarter  design  of  targeted 
agents  that  would  be  useful  in  the  clinical  treatment  of  a  wide  variety  of  diseases.  The 
identification  of  the  dimerization  arm  in  ErbBl  already  reveals  one  such  potent  target.  In 
addition,  the  crystal  structures  of  ErbB3  and  ErbB2  reveal  similar  domain  II  loops 
(6,7,12),  indicating  that  this  structural  feature  may  be  important  not  only  for  ErbBl 
homodimerization,  but  also  for  homodimerization  of  other  ErbB  receptors  and  even 
heterodimerization  between  the  members  of  the  family.  It  is  hoped  that  the  data  outlined 
in  this  chapter  will  serve  as  the  starting  point  for  a  wide  range  of  future  experiments 
which  will  ultimately  lead  to  a  better  appreciation  for  and  knowledge  of  this  complex,  but 
important,  family  of  receptors. 
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